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Abstract 
 
 Due to their high hardness, high melting point and high chemical stability, 
transition metal nitrides present a great interest for various applications. This work 
constitutes a contribution to the understanding of the properties of Nb based binary 
and ternary nitride materials. It deals with the study of the deposition and 
characterization of the niobium nitride system. 
 
 Single and mixed phase thin films of niobium nitride in addition to niobium 
silicon nitride and niobium aluminum nitride were deposited by DC reactive 
magnetron sputtering. The properties of these thin films are investigated using 
several experimental techniques: X-ray diffraction, scanning and transmission 
electronic microscopy, optical reflectivity and spectroscopic ellipsometry, X-ray 
photoelectron spectroscopy, Fourier transform infrared spectroscopy, electrical 
measurements and nanoindentation. 
 
 The influence of the nitrogen partial pressure and substrate temperature on the 
phase composition is studied. Single and mixed phase of niobium nitride films: β-
Nb2N, δ-NbN and δ´-NbN were successfully deposited. 
 
 The single phase niobium nitride films are characterized. Properties of mixed 
phase films are interpreted in the light of that of single phase. All NbN thin films 
have a columnar morphology. The columnar structure in the hexagonal phases is 
more pronounced than in the cubic. The hexagonal δ´ and β phases are more 
covalent than the cubic one. The physical parameters (carrier charge density *N and 
free electron relaxation time τ) for each single phase were calculated by fitting the 
optical properties using a Drude model with a set of Lorentz oscillators. High hardness 
values of 35 and 40 GPa are measured for the β and δ´ phases, respectively. They are 
larger than that of the cubic δ phase, 25 GPa. This hardness values is related to the high 
covalent character of the hexagonal phases compared to that of the cubic. Hardness of 
mixed phase is determined by the hardness of the majority phase. 
 
 Influence of the addition of a third element, Si and Al, into NbN is studied. Nb-Si-
N and Nb-Al-N thin films were deposited and characterized.  
 
A model for the film formation of Nb-Si-N thin films deposited by DC 
magnetron sputtering is proposed. Three distinct concentration domains were 
pointed out. In Domain 1 (1≤ CSi ≤ 4 at.%) the Si atoms substitute Nb in the NbN 
lattice and polycrystalline films of NbN:Si are deposited. In Domain 2 (4≤ CSi ≤7 at.%) 
a fraction of Si atoms segregates to the grain boundaries. A SiNx layer forms on the 
NbN:Si crystallite surfaces. The covering ratios increase with Si content up to 100% 
(formation of a monolayer). For further increase of Si content (Domain 3), the NbN:Si 
crystallites, surrounded by a monolayer of SiNx, reduce their size from 18 to 2 nm. 
The increasing amount of the SiNx phase in the films is realized by increasing the 
surface to volume ratio of the NbN:Si nanocrystallites. 
 
___________________________________________________________________________ 
The formation of the SiNx layer explains the change observed in the electrical 
and optical properties of Nb-Si-N films with increasing the Si content. The electrical 
resistivity measured as a function of temperature is proposed to provide an 
experimental mean for determining the limit of Si solubility in the Nb-Si-N system 
and for following the thickness evolution of the SiNx coverage layer in the composite 
films. 
 
For NbzAlyNx films, the solubility limit of the Al in the NbN lattice is in the 
range: y/(y+z) =0.5±0.1. Passing this value an insulating hexagonal AlNx phase is 
formed. The electronic properties of the NbzAlyNx are significantly altered by the 
changes in the value of y and x. The resistivity increases with increasing y. The 
hardness of NbzAlyNx is maximum in films with y =0.19 (solubility limit). At higher y 
the formation of the AlNx phase reduces the hardness. The increase of hardness 
observed in the NbzAlyNx films is attributed to the solid solution hardening 
mechanism. 
 
If the system NbN presents many phases, it appears that the addition of a third 
element, Si and Al, allows the stabilization of the cubic δ phase. In both Nb-Si-N and 
Nb-Al-N systems Si and Al are soluble up to a certain limit. Passing this limit the 
third element segregates at the grain boundaries forming SiNx and hexagonal AlNx. 
If in the case of Nb-Si-N, the formed SiNx cannot be detected by X-ray diffraction due 
to the fact that it segregates as a thin layer at the grain boundaries of the NbN grains. 
In the case of the Nb-Al-N the hexagonal AlNx phase is clearly detected. The high Al 
solubility in the Nb-Al-N gives rise to a large change of the electronic properties with 
increasing the Al content. 
 
 
________________________________________________________________________ 
Version abrégée 
 
A cause de leur grande dureté, de leur point de fusion élevé, de leur 
grande stabilité chimique, les nitrures des matériaux de transition présentent un 
grand intérêt en vue d’applications variées. Ce travail constitue une contribution 
dans la compréhension des propriétés de ces matériaux. Il est consacré à l’étude 
du dépôt et de la caractérisation du system nitrure de niobium. 
 
 Des couches minces monophasées et biphasées de nitrure de niobium 
ainsi que des nitrures de niobium-aluminium et niobium-silicium ont été 
déposées par pulvérisations cathodique magnétron en mode DC. Les propriétés 
de ces couches minces sont étudiées par plusieurs techniques: Diffraction des 
rayons X, microscopie électronique à balayage et en transmission, réflectivité 
optique et ellipsométrie spectroscopique, spectroscopie photoélectronique des 
rayons X, mesures électriques et nanoindentation. 
 
 L’influence de la pression partielle d’azote et de la température du 
substrat sur la composition phasique est étudiée. Les couches minces déposées 
sont monophasées et biphasées et ont la composition: β-Nb2N, δ-NbN and δ´-
NbN. 
 
 Les couches minces monophasées sont sélectionnées et caractérisées. Les 
propriétés des couches minces biphasées sont interprétées avec comparaison  
avec ceux des couches monophasées. Toutes les couches minces de nitrure de 
niobium présentent une morphologie colonnaire. Cette dernière se manifeste 
plus clairement dans les phases hexagonales que cubique. Les phases 
hexagonales sont plus covalentes que la phase cubique. Les paramètres 
électroniques de chaque phase sont calculés à partir des propriétés optiques, en 
utilisant le model de Drude complété par un ensemble d’oscillateurs lorentziens. 
Les phases hexagonales β-Nb2N et δ´-NbN présentent respectivement une 
grande dureté de 35 et 40 GPa. Cette dureté est très élevée comparée à celle de la 
phase cubique qui vaut 25 GPa. Ces différentes valeurs de duretés sont liées au 
caractère plus covalent des phases hexagonales comparé à celui de la phase 
cubique. Pour le mélange de phases (biphasé)  la dureté est déterminée par la 
dureté de la phase majoritaire. 
 
 L’influence de l’addition d’un troisième élément, Si et Al, est étudiée. Des 
couches minces de Nb-Si-N et Nb-Al-N ont été déposées et charatérisées . 
 
 Un model pour la formation des couches minces de Nb-Si-N déposées par 
pulvérisation magnétron est proposé. Trois domaines de concentration de Si sont 
déterminés. Dans le domaine 1 (1≤ CSi ≤ 4 at.%) les atomes de Si substituent les 
________________________________________________________________________ 
atomes de Nb dans le réseau NbN. Des couches minces polycristallines NbN :Si 
sont donc déposées. Dans le domaine 2 (4≤ CSi ≤7 at.%) une fraction des atomes 
de Si s’accumulent au joints de grains. Une couche de SiNx se forme sur les 
surfaces des cristallites de NbN :Si. Le rapport de couverture augmente avec la 
concentration de Si jusqu’à 100% (formation d’une monocouche). Au delà, 
l’augmentation de la concentration de Si (domaine 3) implique une diminution 
de la taille des cristallites de NbN :Si, entourées de la monocouche de SiNx, de 18 
nm à 2 nm. Ainsi l’augmentation de la concentration de Si dans les couches 
minces est absorbée par la réduction du rapport surface volume des 
nanocristallites de NbN :Si.  
 
 La formation de la monocouche SiNx explique les changements observés 
dans les propriétés électriques et optiques des couches minces de Nb-Si-N avec 
l’augmentation de la concentration de Si. La mesure de la résistivité en fonction 
de la température est proposée comme moyen expérimental pour la 
détermination de la limite de solubilité de Si dans le system Nb-Si-N et pour 
suivre l’évolution de l’épaisseur de la couche SiNx qui entoure les cristallites 
dans les couches minces composites. 
 
 Pour les couches minces de NbzAlyNx la limite de solubilité de Al dans le 
NbN est: y/(y+z) =0.5±0.1. Au dessus de cette valeur, une phase isolante de 
l’AlNx hexagonal est formée. Les propriétés électroniques de couches minces de 
NbzAlyNx sont sensiblement modifiées par le changement dans les valeurs de y 
et x. La résistivité électrique augmente avec l’augmentation de y. La dureté des 
couches minces de NbzAlyNx est maximale pour y =0.19 (limite de solubilité). 
Pour les plus grandes valeurs de y, la formation de la phase AlNx entraine une 
diminution de la dureté. L’augmentation de la dureté observée dans les couches 
minces de NbzAlyNx est attribuée au durcissement par solution solide.  
 
 Si le système NbN présente plusieurs phases, il apparait que l’addition 
d’un troisième élément permet la stabilisation de la phase cubique δ. Dans les 
deux systemes Nb-Si-N et Nb-Al-N, Si et Al sont solubles jusqu’à une certaine 
limite. Au-delà de cette limite, le troisième élément se sépare et s’accumule aux  
joints des grains pour former une deuxième phase : SiNx ou AlNx. Dans le cas de 
SiNx il n’est pas possible de la détecter par diffraction des rayons X a cause du 
fait qu’elle forme une couche mince autour des grains de NbN :Si. Par contre la 
phase hexagonale AlNx est facilement détectable à cause de sa ségrégation sous 
forme d’une phase indépendante.  La grande solubilité de Al dans le NbN est à 
l’origine de variations significatives des propriétés électroniques en variant la 
concentration de Al. 
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Chapter 1 
 
Introduction 
________________________________________________________________________ 
 
The present work addresses the deposition by DC reactive magnetron 
sputtering of niobium nitride: NbN, Nb-Si-N and Nb-Al-N thin films 
and their physical characterization. 
 
________________________________________________________________________ 
Transition metal nitrides (MeN) (Me =Ti, Cr, Nb...etc.) are refractory metals 
that present major interest in functional coatings and surface engineering. They 
possess excellent mechanical and tribological properties, high hardness, high wear 
and oxidation resistance. They show a metallic luster and have a metallic thermal 
and electrical conductivity, of the order of magnitude of pure metals, and often are 
superconductors [1]. These properties are a consequence of the complex chemical 
bonding which mixes covalent, ionic and metallic contributions. 
 
Among these materials, niobium nitride (NbN) crystallizes with a NaCl type 
of structure; it has been of considerable interest since the discovery of its 
superconducvity by Ashermann and co-workers [2]. Among the binary 
compounds with the NaCl type structure it has the highest superconductivity 
critical temperature Tc [3]. In contrast, only scant information is available on its 
mechanical properties, such as microhardness, crack resistance, and wear resistance 
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[4]. The NbN system is complex and presents various phases e.g. β, δ, ε, γ, δ´ and η 
[5-8]. The well studied phase remains the cubic δ phase. 
 
 Recently, it was found that the properties of MeN thin films can be improved 
by the addition of the third element e.g. Si and Al. The Ti-Si-N and Ti-Al-N sputter 
deposited films, for instance, show better mechanical properties such as higher 
hardness and oxidation resistance, compared to simple TiN materials [9,10]. 
 
Even if it is clear that the addition of Si and Al to MeN materials improves 
their mechanical and tribological properties, the hardening mechanism in Me-Si-N 
materials remains a subject of a controversial discussion. Veprek et al. [11] attributed 
the hardening in these materials to their nanocomposites microstructure, which 
consists in a mixture of phases: nanocrystallites of MeN and amorphous SiNx. In 
contrast, the hardening observed in Zr-Si-N [12] and Cr-Si-N [13] was attributed to a 
different mechanism: the solid solution hardening which is caused by the 
incorporation of a small amount of silicon in the MeN lattice. 
 
In the case of Me-Al-N films, most of the works attribute the hardening to the 
solid solution hardening mechanism whereas the good oxidation resistance is 
attributed to the formation of a passive Al oxide layer. This layer prevents the 
diffusion of oxygen toward the bulk of the Me-Al-N film. While the studies of the 
Ti-Si-N and Ti-AI-N were extended to Cr-Si-N [13], Zr-Si-N [12] and Cr-Al-N [14] 
Zr-Al-N [15], no results were reported on the deposition and characterisation of Nb-
Si-N and Nb-Al-N films. 
 
In this work NbN, Nb-Si-N and Nb-Al-N thin films were deposited by DC 
reactive magnetron sputtering. The manuscript is divided in 6 chapters: 
 
The chapter 1 as an introduction to the work and places it with respect of the 
state of the art.  
 
In chapter 2, the deposition method and parameters as well as the 
experimental techniques for characterization e.g. EPMA, XRD, SEM, TEM, 
nanoindentation, are presented.  
 
In chapter 3 the results are reported of the study of the influence of reactive 
sputter deposition parameters, nitrogen partial pressure PN2 and substrate 
temperature Ts, on the phase composition of NbN films. The physical 
characterization of films is also discussed. Three phases have been successfully 
deposited: cubic δ, hexagonal δ´ and β. The structural, morphological, electronic and 
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mechanical properties are systematically studied. The relationship between their 
functional, e.g. hardness, and fundamental, e.g. crystalline structure, electronic 
properties and morphology properties is investigated.  
 
Chapter 4 presents the influence of Si on the properties of NbN. Si was added 
to NbN in order to study the properties of the nanocomposite Nb-Si-N. In 
particular, the influence of Si addition on the hardness behavior is investigated in 
relation with the spectacular and controversial properties of Ti-Si-N [9]. 
 
Chapter 5 deals with the study of the influence of the addition of Al on the 
properties of NbN, a series of Nb-AI-N films were deposited and characterized. The 
role of Al addition is particularly interesting with respect to oxidation resistance as 
investigated in Ti-Al-N for example [10]. 
 
The main results of this work are the success of the deposition of thin films of 
single and mixed NbN phases: δ, δ´ and β and the study of their: structural, 
electronic and mechanical properties. All NbN phase films show a columnar 
morphology. The columnar structure in the hexagonal phases is more evidential 
than in the cubic. X-ray photoelectron spectroscopy (XPS) measurements reveal 
that the hexagonal δ´ and β phases are more covalent than the cubic one. The 
optical properties of single δ, δ´ and β phases significantly differ. This property can 
be used for the determination of the phase composition, in the NbN system, using 
ellipsometric spectroscopy. From the optical properties, fitted by a Drude model 
with a set of Lorentz oscillators, the electronic parameters for each single phase film 
can be derived. The high hardness of 35 and 40 GPa observed for the β and δ', 
respectively, compared to that of the cubic δ, 25 GPa, can be related to the high 
covalent character of the hexagonal phases compared to that of the cubic. In mixed 
phase the hardness is determined by the hardness of the majority phase. 
 
A model of the morphology evolution as a function of the Si content is 
proposed for the Nb-Si-N films. The model splits the morphology evolution in three 
domains. In the first domain (Si content below 4 at. %) the Si atoms are soluble in the 
NbN lattice whereas in the second domain (Si content between 4 and 7 at. %) the Si 
atoms begin to segregate at the grain boundaries of the NbN grains forming a layer 
of SiNx. In the third domain (higher Si content) the NbN grain size reduces with 
keeping constant the thickness of the SiNx layer. This model allows explaining the 
evolution of whole Nb-Si-N films properties as a function of the Si content. The 
deposited Nb-Si-N films show the typical hardness behavior observed in the Me-Si-
N (Me: Ti, Cr, Zr) [9,12-13]. The hardening was attributed to the solid solution 
mechanism. The electrical resistivity measured as a function of temperature allows 
detecting the presence of the insulating SiNx phase at the grain boundaries. 
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The solubility limit of Al in NbN was determined from the X-ray diffraction 
diagrams. In the limit of Al solubility domain, the electronic properties of Nb-Al-N 
significantly change, indicating the decrease of the electronic density at the EF of the 
material with increasing Al content. The highest hardness was observed for the film 
with maximum concentration of soluble Aluminum. At higher Al content the 
insulating hexagonal AlN phase appears leading to a drastic decrease in the 
hardness. 
 
The addition of each third element, Si and Al, allows the stabilization of 
the cubic δ phase in the NbN system. 
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Chapter 2 
 
Deposition method and characterization techniques 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 
 
 
In this chapter, the author reports a brief description of the sputter 
deposition method and a detail of the parameters of the films 
deposition. Basic principles of the characterization techniques, 
their resolution and the accuracy of each measure are also 
reported. The characterization techniques are presented according 
to the properties they study: chemical composition, structure and 
morphology, electronic properties and mechanical properties. 
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2.1. Coating deposition by sputtering 
 
The sputtering process consists in the extraction of materials particles 
from a target which is bombarded with high energetic particles of inert gas, 
generally argon. The pressure of inert gas in the chamber is between 10-1 and 10+1 
Pa [1]. The expulsed atoms or ions condens and react on the surface of the 
substrates. In magnetron sputtering, a magnetic field in front of the target causes 
an extended path length for plasma electrons.  This induces an increase in the 
sputtering gas ionization and leads to higher deposition rate. If sputtering is 
done in atmosphere of inert gas (e.g. Ar) plus reactive gas (e.g. N2, O2) the 
method is called reactive sputtering. Deposition of metal nitrides films is often 
carried out by reactive magnetron sputtering (RMS). In the present work, RMS 
was used for the deposition of the thin films: (i) the high energies, involved in the 
process of this technique, allow the stabilization of metastable structures far from 
the thermodynamical equilibrium (case of NbN deposition); (ii) the possibility of 
employing two targets simultaneously permits the deposition of ternary nitrides 
under similar conditions to that of binary nitrides (case of deposition of NbSiN 
and NbAlN). 
  
2.2. Deposition parameters of binary and ternary nitrides 
 
Thin films studied in this work have been deposited by DC reactive 
magnetron sputtering. The deposition apparatus is equipped with two confocal 
targets (figure 2.1). The distance between the targets and the substrates was 10 
cm. During the deposition, substrate heating is achieved by heating lamps placed 
at the back of the substrates holder. DC power supplies were used for the 
deposition of binary nitride (NbN) and ternary nitride (Nb-Si-N, Nb-Al-N) films. 
No substrate bias was applied during the deposition. The targets used for film 
depositions were Nb (99.95), Si (99.95) and Al (99.95). The target diameters were 
5 cm. Pure gases Ar (99.999) and N2 (99.999) were used. In order to avoid the film 
contamination, the targets were pre-sputtered for 10 min, under the same 
atmosphere used for the film deposition. Deposition was done on different types 
of substrates: polished silicon wafers, oxidized silicon wafers for electrical 
measurements, double side polished Si wafers for FTIR measurements and WC-
Co strips for TEM cross-sectional observations. The total pressure was kept 
constant at 0.4 Pa for all deposited films. The films thickness is 1.2–1.9 µm, except 
for the samples for FTIR measurements where the thickness is 0.2–0.5 µm. 
 
The N2 partial pressure (PN2) and the substrate temperature (Ts) were 
varied for the deposition of the NbNx thin films. For the deposition of Nb-Si-N 
thin films the current on the Nb target (INb) was kept constant whereas the 
current on the Si target (ISi) was varied.  The deposition of Nb1-xAlxNy was 
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carried out by fixing either INb and varying the current on Al target (IAl) or by 
fixing IAl and varying INb. Table 1.1 summarizes the deposition conditions of each 
series of samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1. Schematic description of the sputtering apparatus used for the film deposition. 
 
 
Table 1.1 Deposition conditions details of films. 
 
 
Samples Base pressure (Pa) PN2 (%) Ts (°C) INb (A) ISi (A) IAl (A) 
NbNx 
Series 1 
Series 2 
Series 3 
 
≤ 5 × 10-5 
≤ 10-4 
≤ 10-4 
 
3-21 
15 
15-40 
 
RT 
RT-400
400 
 
0.25 
0.25 
0.25 
 
-- 
-- 
-- 
 
-- 
-- 
-- 
NbSiyNx ≤ 2 × 10-5 21 250 0.3 0-0.2 -- 
Nb1-xAlxNy 
Series 1 
Series 2 
 
≤ 2 × 10-5 
≤ 2 × 10-5 
 
21 
21 
 
250 
250 
 
0.3 
0.03-0.1
 
-- 
-- 
 
0.03-0.1
0.3 
 
Pumping Unit 
Turbo-molecular 
Primary 
DC supply 
Mass flow 
controler 
Ar N2 
Temperature 
regulator 
Targets 
Substrate holder 
Heating 
lamps 
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2.3. Characterization techniques 
 
2.3.1. Chemical composition 
 
2.3.1.1. Electron probe microanalysis  
 
Electron probe microanalysis (EPMA) is based on the measurements of 
characteristic X-rays emitted from microscopic part of the sample bombarded by 
a beam of accelerated electrons. The intensity ratio of the characteristic X-rays (K- 
and L-edges) emitted from the sample is measured. For accurate quantitative 
analysis, the intensities of sample signal are compared to that of a standard 
specimen of known chemical composition. Thus, the atomic ratios are calculated. 
 
In this study, a CAMECA SX 50 equipment was used for EPMA 
measurements. The analyses were performed at the Institute of Mineralogy at the 
University of Lausanne. In order to excite 1 µm of film depth, the sample is 
bombarded with electrons of 8 kV and 50 nA. The chemical composition value of 
each film is an average of at least 20 measurements performed on different 
sample places. The uncertainty of the technique measurement is typically 1 at.%. 
 
 
2.3.1.2. Rutherford backscattering spectrometry 
 
Rutherford backscattering spectrometry (RBS) consists in the 
bombardment of the sample by ions having enough energy (a few MeV) to 
penetrate the electron cloud of the target atoms and scatter elastically off the 
target nuclei (Rutherford scattering). An ion backscattered from a relatively 
heavy target atom carries a higher backscattered energy than an ion 
backscattered from a lighter atom [2]. The mass of the target atoms can be 
determined by measuring the collision energy transfer. Furthermore, knowing 
the scattering cross section enables a quantitative analysis of the atomic 
composition. The backscattered ions traveling through the sample lose energy by 
Coulomb interaction with the electrons. This allows obtaining depth information 
in the form of a chemical depth profile. RBS cannot usefully detect atoms lighter 
than the projectile. 
 
For film sufficiently thin, RBS gives the value of the areal density (NM) in 
at/cm2. Knowing the film thickness (t), the density of film (ρfilm) can be calculated 
from the following equation 
A
N⋅
><⋅
=
t
MN ZM
filmρ  
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where <MZ> = Σ fZ MZ the average atomic mass (with fZ and MZ the atomic 
fraction and the atomic weight of element Z, respectively) and NA is Avogadro's 
constant.  
 
In this work, RBS investigations were performed for the chemical 
composition analysis and for the density measurements. The measurements were 
performed at the Centre d'Analyses par Faisceau Ionique (CAFI) at the École 
d'Ingénieurs (EICN) in Le Locle. He+ ions and proton beams with energy of 2 
MeV were used. Proton beam is more sensitive for light elements (e.g. N2). The 
precision chemical composition is within ± 1at.%. 
 
2.3.1.3. X-ray energy-dispersive spectrometry  
 
X-ray energy-dispersive spectrometry (XEDS) technique is used for the 
determination of the local chemical composition. In fact, this method is done 
during TEM (see 2.3.2.4) observations. The transmission electron microscope 
column includes an X-ray energy-dispersive spectrometer. Characteristic X-ray 
spectra emitted from electron-excited small volumes (few nm in diameter) of the 
sample are acquired. Chemical compositions were determined by using 
tabulated Cliff-Lorimer factors. The considered chemical composition value is an 
average of at least 5 measurements. The precision of the results is within ± 3 at.%. 
  
2.3.2. Structure and morphology determination 
 
2.3.2.1. Profilometry 
 
In order to measure the film thickness, a part of the substrate is masked 
during the deposition. A profilometer (alpha-step 500 KLA Tencor Corporation) 
was used for the measurement of the height of the step from the bare substrate to 
the top of the deposited film. The precision of the thickness measurement is 
within ± 5 nm. Due to the thickness inhomogeneity the accuracy of the 
considered value of the thickness is 10%. 
 
2.3.2.2. X-ray diffraction 
 
X-ray diffraction (XRD) was used to determine the crystalline structure of 
the films. XRD was done on a RIGAKU instrument using monochromatic 
radiation (Cu Kα). Both configurations, grazing incidence (GI) at Ω = 4° and 
Bragg Brentano (θ/2θ) were used. For the first configuration GI the diffracting 
planes are at an angle of ½ (2θ) – Ω to the normal of the surface film, whereas in 
the second θ/2θ the diffracting planes are parallel to the surface film.  
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Using Jade 6.0 computer software the XRD patterns were fitted in order to 
obtain the peak position, integral breadth and the integrated peak surface (peak 
intensity). The width of the peak is an integral convolution of the instrumental 
broadening, of the broadening caused by the finite size of the crystallites and that 
from the random strain of the lattice. The instrumental width was removed 
automatically using an XRD pattern of a reference sample, powder of Y2O3, 
recorded in the suitable configuration, GI or θ/2θ. 
 
In this work, the average crystallite size (D) value was calculated 
according to Scherrer's formula 
 
θβ
λ
cos.
.K
D =  
 
here β is the integral breadth and K a constant which depends on the crystallites 
shape (0.9 value is used in this work). Even if this method does not take into 
account the contribution of the strain, in the width of the XRD peak, it gives a 
good estimation of the crystallite size especially for small crystallite size [3]. 
 
2.3.2.3. Scanning electron microscopy 
 
In scanning electron microscopy (SEM), an electron beam with energies 
within 2 to 25 kV, scans the surface of the sample and the emitted secondary 
electrons are collected. The intensity of the collected electrons depends on the 
angle between the emitting surface and the detector. Regions in the specimen 
emitting an intense signal appear brighter than regions emitting a weaker signal. 
This contrast allows the formation of a surface image. The lateral resolution in 
SEM, in the range of 10 nm, limits the observations of nanostructures.  
 
For our purpose, the fracture cross-section of NbN coatings was examined 
by SEM on a Philips XL 30 equipped with a field emission gun at accelerating 
voltage of 10 kV. SEM observations were done at the Centre Interdisciplinaire de 
Microscopie Electronique (CIME) at the EPFL. These observations give 
information on the film cross-section morphology. 
 
2.3.2.4. Transmission electron microscopy 
 
In transmission electron microscopy (TEM), electrons from the emission 
gun are transmitted through very thin sample (electron transparent), and 
generate an image of the internal structure of the sample. The resulting image 
displays structural details at very high spatial resolution, of the order of fractions 
of a nanometer [4].  
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In this work, the microstructure of the coatings was examined in cross-
section by TEM on a Philips CM 300 equipped with a field emission gun at an 
accelerating voltage of 300 kV. Different types of contrast in the image, different 
observation modes have been employed: for diffraction (Bragg) contrast bright 
field and dark field images, for phase contrast: high resolution images. Selected 
area electron diffraction modes provide information about existing phases and 
preferential orientation of crystallites in the films. TEM observations were done 
at the Centre Interdisciplinaire de Microscopie Electronique (CIME) at the EPFL. 
Cross-section samples of films on WC-Co substrates were prepared by 
mechanically polishing down to a thickness of few µm. Further reduction of the 
thickness of a small region to roughly 20 nm was achieved by ion milling in a 
Gatan PIPS at 6-8° incident angle with Ar+ ions at 2.5 kV.  
 
2.3.2.5. Scanning tunneling microscopy 
 
The principle of scanning tunneling microscopy (STM) consists in the fact 
that when electrically conducting tip is moved close enough to the surface of a 
conducting sample and a bias voltage is applied (typically between 1 mV and 4 
V) to the tip a tunneling current of typically 0.1 to 10 nA can be generated. If this 
current is kept constant (constant current mode) the tip to surface distance must 
be unchanged. This allows to the formation of a topography image as the tip is 
scanned over the sample surface. 
 
STM observations in this work were done using an Omicron STM-1 
microscope, with a tungsten tip and a lateral resolution of about 0.1 nm in the 
constant current mode. 
 
2.3.3. Electronic properties 
 
2.3.3.1. Optical reflectivity and spectroscopic ellipsometry 
 
In order to obtain the optical constants of the materials, the optical 
reflectivity and spectroscopic ellipsometry (SE) have been measured at room 
temperature. 
 
The specular reflectivity was determined using a UV-VIS-IR 
spectrophotometer (CARY 500, VARIAN). The absolute specular reflectivity was 
measured at near normal incidence (7°), in the dual beam mode with a W shaped 
optical setup. 
 
Reflection SE gives the values of the ellipsometric angles Ψ and ∆ which 
reflect the change in polarization state due to sample-light interaction. In fact, the 
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polarization state of an incident light beam changes after a reflection at the 
sample surface.  
 
In this work, most SE measurements were accomplished on phase 
modulated ellipsometer (UVISEL, Jobin-Yvon) at an angle of incidence 70° for 
spectral range of 1.5-5.0 eV. For larger spectral range from 0.75 to 5 eV the SE 
were done on an ellipsometer (UVISEL HR 460, Jobin-Yvon), at Laboratoire de 
microstructuration et d’optoélectronique (LMSO) at the École d’Ingénieurs 
(EICN) in Le Locle 
 
2.3.3.2. X-ray photoelectron spectroscopy 
 
In X-ray photoelectron spectroscopy (XPS) technique, an incident X-ray on 
a sample leads to the ejection of a core level electron. The kinetic energy KE of the 
photoemmited core electron is 
 
KE = hν – BE + φ 
 
where hν is the energy of the exciting radiation, BE is the binding energy of the 
emitted electron in the solid, and φ is the spectrometer work function [5]. 
 
In this work, XPS measurements were done using the incident radiation of 
Al Kα (hν =1486.6 eV). For NbSiN samples, cleaned by Ar sputtering at 3 keV for 
5 min before the measurements, the analyses were done using VG-ESCALAB 
MKII instrument at Surface Science Laboratory at KFUPM in Dhahran (Saudi 
Arabia). SCIENTA ESCA 300 was used for XPS analysis on freshly deposited 
NbN films, at Laboratoire de Spectroscopie Electronique at EPFL. 
 
2.3.3.3. Fourier transform infrared spectroscopy 
 
When irradiated with infrared light, a sample can transmit, scatter, or 
absorb the incident radiation. Absorbed infrared radiation usually excites 
molecules into higher–energy vibrational states. Infrared spectroscopy is useful 
for determining frequency of vibrations of chemical bonds [6]. 
 
A Nexus Fourier-transform infrared spectrometer was used to measure 
the transmission at normal incidence in the photon energy range from 400 to 
4000 cm-1. The instrument casing was constantly flooded with dry N2 gas. The 
optical signature of silicon nitride vibrational modes in NbSiN films was checked 
by Fourier transform infrared spectroscopy (FTIR) in transmission mode. 
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2.3.3.4. Resistivity 
 
The Van der Pauw method [7] allows measurements of the specific 
resistivity of a flat sample of arbitrary shape. A constant current (
12
I ) flows 
between the contacts 1 and 2, in the sample (figure 2). This induces potential 
drop between contacts 3 and 4 (V34). 
The resistance R12,34  is defined as  
 
12
34
34,12
I
U
R =  
 
The resistivity is given by  
 
⎟
⎟
⎠
⎞
⎜
⎜
⎝
⎛
⋅
+
⋅
⋅
=
  R
  R
) 
2
R   R
(
2ln
12,34
23,4112,3423,41
f
t
DC
π
ρ  
 
where t is the film thickness and the function f represents a geometrical 
correction. It depends on the ratio R23,41/R12,34.  
 
In this work, the resistivity was measured on films with a cross shape. The 
substrates were oxidized Si wafers (figure 2.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.2. Films cross on square oxidized Si (SiO2/Si) substrate. 1, 2, 3, 4 are the contacts. 
 
1 
2 
3 
4 
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2.3.4. Mechanical properties 
 
2.3.4.1. Nanoindentation 
 
Many techniques exist for measuring the hardness of the materials. 
Nanoindendation technique is the appropriate one for thin films. The small loads 
(0.001-0.2N) used in this technique allow to measure the hardness down to a 
depth of 10% of the thickness. At this depth, the influence of the substrate on the 
hardness value is supposed to be negligible. Thus, the hardness measurement on 
a thin film (<5 µm) becomes possible. The hardness and Young’s modulus are 
determined with a nanoindenter XP (Nano Instruments). A Berkovich-type 
pyramidal diamond tip indents the films to a maximum depth of 600 nm. 
Contact stiffness data were measured by oscillating the tip during indentation at 
a frequency of 65 Hz and amplitude of few nm. This kind of measurements 
provides hardness, Young modulus, and stiffness data throughout the whole 
indentation depth. In order to avoid the influences of the surface roughness and 
of the substrate, hardness values are taken where the hardness vs. depth has a 
plateau, at about 100-200 nm. In fact, the measured hardness at this depth is an 
indicative value of the intrinsic material hardness. The influence of the indenter 
size should be considered [8,9]. At least six indentations at different sites on the 
film have been performed and averaged. 
 
2.3.4.2. Stress 
 
The simplest and little time consuming method for measuring the residual 
stress (σres) in the film is the deflection technique. It consists in measuring the 
curvature radii of the sample before (rb) and after deposition (ra). The stress was 
then calculated using Stoney’s formula 
 
⎟⎟
⎠
⎞
⎜⎜
⎝
⎛
−⋅⋅
−
=
baf
s
s
s
res
rrt
tE 11
61
2
υ
σ  
 
where Es/(1-υs) is the biaxial modulus of the substrate, ts and tf are the substrate 
and coating thickness, respectively. In my work, the stress was determined on 
films deposited on Si strips (10×5×0.5 mm) using a laser beam (KLA TENCOR 
FLX-2320). The measure of the curvature radii of the substrates reveled that rb is 
in the order of 100m and that ra is in the ordre of 1m. Thus, 
 
aba
rrr
111
≈−  
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this implied no need to measure every time the substrate curvature before 
deposition. 
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Binary niobium nitride NbNx thin films 
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In this chapter, the first section reports on the influence of the 
deposition parameters on the phase and chemical composition whereas 
the second part presents the microstructure, electronic properties, 
mechanical properties and stability of the deposited NbNx thin films. The 
properties and results of the characterization of the single phases are 
reported first. They precede those presented for the mixed phases. 
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3.1. Influence of deposition parameters (PN2,Ts) on composition and 
crystalline structure of NbNx films 
 
In contrast to group IV metal nitrides where the cubic δ-MeN phase is 
homogenous on a wide range of nitrogen content, the Nb-N system crystallizes 
in several phases [1]. Levinskiy [2] reported two phase diagrams. The first 
isobaric diagram mentions the solid phases β-Nb2N, δ-NbN, γ-Nb4N3 and ε-
NbN. The second isobaric diagram established at 102 Pa is much simpler and 
contains β-Nb2N and γ-Nb4N3. Recently, Lengauer et al. [3] reported the presence 
of solid phases β-Nb2N, δ-NbN, γ-Nb4N3 and η-NbN in the Nb-N phases 
diagram. 
In this work only three Nb-N phases, hexagonal β-Nb2N and δ´-NbN and 
cubic δ-NbN were deposited. The elementary cell of these structures is illustrated 
in figure 3.1. 
 
 
 
 
 
 
 
 
 
 
δ´-NbN   β-Nb2N   δ-NbN 
  N 
  Nb 
 
Fig. 3.1. Elementary cell of the crystalline structure of the three deposited Nb-N phases, hexagonal δ´-NbN 
and β-Nb2N and cubic δ-NbN. For β-Nb2Nthe notation    means that only half of the nitrogen 
sites are occupied [4]. 
 
 
The phase identification of NbNx films requires special care because of the 
superposition of the majority of the peaks from hexagonal phases δ´-NbN 
(PCPDF file 14-0547) and ε-NbN (PCPDF file 20-0801). A similar source of 
uncertainty occurs for the cubic δ-NbN phase (PCPDF file 38-1155) and the 
tetragonal γ-Nb4N3 phase (PCPDF file 20-0803) because of the shift of the peaks 
due to the presence of stress and broadening as a result of the small grain size. 
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The crystal structure of NbNx thin films, deposited at room temperature 
(RT) and at various nitrogen partial pressure PN2 (3%≤ PN2 ≤21%), changes from 
mixed (β+δ) phases to  mixed (δ+h) phases (h: hexagonal  or ’) through a single 
cubic δ phase, with increasing PN2 (figure 3.2a and b). For films deposited at PN2 
= 3% (x =0.61) most of the peaks can be attributed to either δ or β phase. It is 
really difficult to identify exactly the peaks in the X-ray diffraction diagrams. 
Nevertheless, the peaks at ∼40° (figure 3.2a,b) and at 120°(figure 3.2a) are 
distinctive peaks of the δ phase.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2. XRD patterns (a) in grazing incidence configuration (γ=4°) (b) Bragg-Brentano, of NbNx films 
deposited at room temperature and different ratios x = N/Nb with various PN2.  
 
 
Due to the stoichiometric ratio x =0.61 of this film close to that of β-Nb2N 
(PCPDF file 40-1274) and because of the optical properties (see 3.3.1.2) the 
majority of the peaks are attributed to the β phase. For films with 0.98≤ x ≤1.06, 
XRD does not allow distinguishing the precise nature of the hexagonal (h) 
structure. In fact, the small peak at 2θ ≈62.5° corresponds to either hexagonal δ´-
NbN or hexagonal ε-NbN structures.  
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The crystal structure of NbNx films, deposited at various substrate 
temperature Ts (RT to 400°C) and at PN2 =15% changes from mixed (δ+h) phases 
to mixed (δ+δ´) phases with increasing Ts (figure 3.3). The XRD peak lying at 
∼115° is distinctive (212) peak of the δ´ phase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3. XRD patterns, in grazing incidence configuration (γ = 4°), of NbNx films deposited at PN2 =15% 
and various Ts with different ratios x = N/Nb.  
 
 
Increasing Ts favors the growth of the δ´ phase. The concentration of the 
hexagonal δ´-NbN (δ´[%]) phase in the film increases with increasing  Ts (figure 
3.5a). The δ´[%] was calculated following the formula 
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where ∑ δI  and ∑ ′δI are the sum of the intensities of δ cubic peaks and  
hexagonal δ´ peaks of the XRD measured in grazing incidence (γ=4°), 
respectively. The stability of the different NbNx phases will be discussed in 
section 3.3.1 
 
The crystal structure of NbNx thin films, deposited at substrate 
temperature Ts =400°C and at various nitrogen partial pressures PN2 (7%≤ PN2 
≤40%), changes from mixed (β+δ) phases to a single δ phase through a mixture 
(δ+δ´) with increasing PN2 (figure 3.4). For films with x =0.57 and 0.64 most of the 
XRD peaks have been identified as β-Nb2N peaks, because of their stoichiometric 
ratio x approaching 0.5 (value for Nb2N). The optical measurements confirm that 
result (see 3.3.2). The evolution of the δ´ [%] as function of x is shown in figure 
3.5b.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4. XRD patterns, in grazing incidence configuration (γ = 4°), of NbNx films deposited at 400°C and 
various  nitrogen partial pressure PN2 with  different stoichiometric  ratios x = N/Nb.  
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The phase domains of sputter deposited NbNx films, as a function of the 
nitrogen partial pressure and substrate temperature, are shown in figure 3.6.  
 
 
 
 
 
 
 
 
 
 
Fig. 3.5. NbN thin films: Concentration of the hexagonal phase δ´ as a function of (a) Ts, PN2=15% and (b) 
x, Ts = 400°C with various PN2, respectively. 
 
 
 
 
 
 
 
 
Fig. 3.6. Phase composition of Nb-N film system depending on the nitrogen partial pressure PN2 and 
substrate temperature Ts. ▲,● and ■ represent positions of single β, δ´ and δ (used for the study of 
single phases), respectively. The boundaries are approximate. 
 
The single phase NbNx films were chosen from the series of NbNx films 
deposited at TS =400°C. In figure 3.6 the position of these single phases are noted. 
As just a small peak lying at ~35° of the second  phase was observed in the films 
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deposited at PN2 =7 and 21% (figure 3.4), the crystal structure was considered as 
single β and ’ phase, respectively. The deposition conditions of the investigated 
single phase films are summarized in Table 3.1. 
 
Table 3.1 Deposition parameters (Ts, PN2), ratio x=N/Nb, lattice parameters (a,c), grain size and ratio 
between the measured and the theoretical density(dmea /dtheo ) of selected single phases: δ-NbN, 
β-Nb2N and δ´-NbN thin films 
 
Phases 
Ts 
(°C) 
PN2 
(%) 
x 
(±1 %) 
a 
(nm) 
c  
(nm) 
Grain size 
(nm) 
dmea  / dtheo
β-Nb2N 400 7 0.57 0.305 0.500 6 0.96 
δ´-NbN 400 21 0.97 0.299 0.535 26 0.86 
δ-NbN 400 37 1.06 0.438 -- 6 0.8 
 
3.2. Microstructure 
 
3.2.1. Single NbNx phases 
 
Series of 200 × 200 nm2 scanning tunneling microscopy (STM) images of 
the surface of β-Nb
2
N, ´-NbN and -NbN phase films are shown in figure 3.7a, b 
and c, respectively. The surface topography looks different. The surface 
morphology of β-Nb
2
N phase film is characterized by dense clusters composed 
of small grains (6-10 nm). The granular morphology of ´-NbN phase film is 
different (figure 3.7b): large compact clusters (80-100 nm) with crystal grains of 
20-30 nm are observed.  
 
 
 
 
 
 
Fig. 3.7. STM images of hexagonal β-Nb2N (a), hexagonal ´-NbN (b) and cubic -NbN (c) films. 
(a) (b) (c) 
200 nm 200 nm 200 nm 
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The surface morphology of the cubic -NbN phase films exhibits a 
structure with crystallites ranging from 10 to 20 nm. In good agreement with the 
XRD results, the smallest average lateral grain size is observed for β-Nb2N films 
and the highest for ’-NbN phase film.  
  
Cross-section transmission electron microscopy (TEM) and high 
resolution transmission electron microscopy (HRTEM) investigations were done 
to investigate more precisely the microstructure of the single phase films. 
Conventional TEM contrast images of the three single phase films are presented 
in figure 3.8. The microstructure of the three single phases is columnar. Each 
column is formed by agglomerates of crystallites (figure 3.8). The column width 
is 15-30 nm in the β-Nb2N films and 40-70 nm in the δ´-NbN films. In the case of 
the hexagonal phase films (figure 3.8a, b), the columns can be easily 
distinguished. These films show well-defined crystalline orientation in the 
column. For cubic films (figure 3.8 c) the overall texture is well pronounced, but 
inside the same column the crystallites have different orientations. Consequently, 
the diffraction contrast increases inside the column and practically disappears 
between the columns (figure 3.8 c).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3.8. TEM images and corresponding SAED patterns for hexagonal β-Nb
2
N (a), hexagonal ´-NbN (b) 
and cubic -NbN (c) films. 
 
 
 
 
(a) (b) (c) 
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In the β-Nb
2
N phase films, the columns morphology shows interesting 
features (figure 3.9). In the contrast image the column looks like a feather: thin 
needle-shaped crystallites oriented at approximately 30° and 50° relatively to the 
growth direction. The needle-shaped crystallites are 2-3 nm large and 15-30 nm 
long. In such columns the crystallites keep one common direction. The HRTEM 
images confirm that the columns of β-Nb
2
N films contain multi-twin successions 
(figure 3.9a). The HRTEM images of δ´ and δ phase films (figure 3.10b, c) show 
large crystal domain. Twins or dislocations were not observed in these films. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.9. TEM image: column detail into hexagonal β-Nb2N phase film. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.10. HRTEM images for hexagonal β-Nb2N (a) hexagonal ’-NbN (b) and cubic -NbN (c) films. 
 
(a) (b) (c) 
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3.2.2. Mixed NbNx phases 
 
Scanning electron microscopy (SEM) micrographs show the fracture cross 
section of three NbNx coatings deposited at RT and various PN2 (figure 3.11). 
 The morphology evolution of these films appears to be controlled by the 
chemical composition x.  Films with x = 0.61 and 1.06 are compact with small 
grain size (figure 3.11a, c). Nevertheless, their fracture cross section is different. 
With x approaching 0.97, the morphology becomes columnar with more voids 
(figure 3.11b). The grain size perpendicular to the plane of the substrate has been 
estimated from the integral width of the XRD peaks, in Bragg-Brentano 
configuration (figure 3.12). At x =0.61 the film presents a small grain size (~4 
nm), this is probably due to the presence of two phases (β+δ) in the film. Single  
phase film with x-0.85 also shows a small grain size (∼5 nm).With increasing x up 
to ∼0.96 the grain size increase up to 16 nm. At x ∼0.97 the second ’ phase 
appears which reduces the grain size down to 4 nm.  
 
 
 
 
 
Fig. 3.11. Scanning electron micrographs of the cross section of NbNx films, deposited at RT and various 
PN2, for three different ratios x = N/Nb. 
 
 
 
 
 
 
 
Fig. 3.12. Average grain size of NbNx films, deposited at RT and various PN2, for different ratios x = N/Nb. 
The dashed line follows values of grain size as a guide for the eye.  
(a)                   x = 0.61 (b)                          x =1.02 (c)                         x = 1.06 
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SEM micrographs of films deposited at PN2 =15% and at different 
substrate temperatures Ts are shown in figure 3.13.  Fracture cross section of 
films deposited at low Ts reveals a brittle microstructure (figure 3.13a). In 
contrast, the microstructure of the film deposited at high Ts is compact (figure 
3.13b). For Ts > 200°C, the grain size of the hexagonal δ´ phase rapidly increases, 
with increasing Ts (figure 3.14b). Heating the substrate increases the mobility of 
the adatoms which increase the density of the film as it appears in figure 3.13. In 
additions, the change in the crystal structure from cubic δ-NbN to hexagonal δ´-
NbN, with increasing Ts, can also be responsible on the increase in the films 
density and grain size. 
 
 
 
 
 
 
Fig. 3.13. Scanning electron micrographs of the cross section of NbNx films, deposited at PN2 =15% and 
Ts.=200°C (a) and 400°C (b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.14. Average grain size of NbNx films, deposited at PN2 =15% as a function of the substrate 
temperature Ts. 
(a)                                 Ts = 200°C (b)                                 Ts = 400°C 
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 SEM micrographs of films deposited at Ts =400°C and various PN2 are 
shown in figure 3.15. It appears that the morphology of these films is controlled 
by the content of the δ´ phase in the film. At low δ´ phase content (below 50%) 
the films morphology is non compact and brittle (figure 3.15a). Whereas, for 
higher δ´ content (above 50%), the morphology becomes denser with well 
defined columnar structure (figure 3.15b, c).  
 
 
 
 
 
Fig. 3.15. Scanning electron micrographs of the cross section of NbNx films, deposited at Ts =400°C and 
various PN2, containing different hexagonal δ´ phase content. 
 
3.3. Electronic properties 
 
3.3.1. Single NbNx phases 
 
3.3.1.1. Electrical resistivity 
 
Figure 3.16 shows the dc electrical resistivity )(T
dc
ρ  as a function of the 
temperature of hexagonal δ´-NbN and β-Nb2N, cubic fcc δ-NbN thin film. For 
pure δ'-NbN, the resistivity monotonously increase, as the temperature increases, 
exhibiting a metallic behavior; with a residual resistivity ratio (RRR) 
KRT 20
/ ρρ =1.3. The room temperature resistivity 
RT
ρ  is about 90 µΩcm. The 
metallic behavior is less pronounced for β-Nb2N, the RTρ of these thin films is in 
the range of 160 µΩcm and the resistance ratio 
KRT 20
/ ρρ close to unity.  The cubic 
δ-NbN thin films exhibit the highest 
RT
ρ values, typically 250 µΩcm, and a 
negative temperature coefficient of resistivity with a RRR, 
KRT 20
/ ρρ =0.76. Only 
the cubic δ-NbN films exhibit the transition to the superconducting state at the 
critical temperature Tc =11K with a narrow range of the transition temperature of 
1 K. The unusual nonmetallic conduction, which is often observed in these 
polycrystalline films, is ascribed to the grain boundary and point defect 
scattering effect [5-8]. 
 
(a)   δ´(%) = 45 (b)   δ`(%) = 70 (c)   δ`(%) = 95 
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Fig. 3.16. Resistivity vs. temperature of single phases films: hexagonal δ´-NbN and β-Nb2N, and cubic δ-  
NbN. 
 
 The low
RT
ρ values observed in the case of the hexagonal δ'-NbNx thin films 
are related to their good crystalline quality and large grain size (26 nm) 
compared to that of the δ-NbN phase (6 nm) (Table 3.1).  
 
 Oya et al. [9] report a Tc of ~11 K for δ-NbN1.2 films deposited on MgO 
substrate. On the contrary, the mixed films of γ-Nb4N3+δ´-NbNx do not exhibit 
superconductivity down to 1.77 K. Tanabe et al. [10] reported a value of 
RT
ρ = 
117 and 176 µΩcm and an RRR of 0.94 and 0.83 for β or α + δ and δ films, 
respectively. Konevecki et al. [11] reported 
RT
ρ  of 226-394 µΩcm and a Tc of 12.9-
14.4 K for NbN films without checking of the crystalline structure.  
 
3.3.1.2. Optical properties 
 
 Typical optical reflection spectra of hexagonal β-Nb2N, δ´-NbN and cubic 
fcc δ-NbN, are shown in figure 3.17 as a function of the photon energy ωh  over 
the range from 0.5 to 6.5 eV. The highest reflectivity at low energy is achieved by 
the cubic δ-NbN sample. In this sample the minimum reflectivity value of 0.30 is 
observed at ωh =3.8 eV. The reflectivity spectrum of the β-Nb2N sample is 
characterized by a continuously decreasing reflectivity values from 0.77 down to 
0.37 as the photon energy increases from 0.46 to 6.5 eV, a weak reflectance edge is 
observed at about 4.5 eV. The reflection spectrum of the δ´-NbN sample is 
characterized by a sharp drop in reflectivity with a minimum reflectivity of 0.37 
lying at 1 eV and by features located at 2.5 eV, 4 eV and 6.25 eV.  
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Fig.3.17. Reflectivity spectra of single phases: δ-NbN, β-Nb2N and δ´-NbN. 
 
 
 
 
 
 
 
 
Fig. 3.18. Dielectric function spectra of single phases: δ-NbN, β-Nb2N and δ´-NbN. a) real part 
r
ε  and b) 
imaginary part 
i
ε . 
 
 The reflectivity measurements were complemented by spectroscopic 
ellipsometry (SE) measurements in the energy range extending from 0.75 to 5.5 
eV. Since, the NbNx films with a thickness of 1-2 µm are opaque for ellipsometric 
measurements, in this range of photon energy, a semi-infinite model was used 
for calculation of the complex dielectric function ( ) ( ) ( )ωεωεωε
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film without any contribution from the substrate. The real 
r
ε  and the 
imaginary
i
ε parts of the dielectric function are represented in figure 3.18. Both 
the δ-NbN and the β-Nb2N phases exhibit a Drude like behaviour with screened 
plasma energies 
s
ωh =3.2±0.1 eV and 4.7±0.3 eV, respectively. In the case of the 
hexagonal δ'-NbN, the dielectric function spectra 
r
ε  remains positive over the 
entire photon energy range and shows a prominent feature which can be 
attributed to interband transitions centered at about 1.5 eV. 
i
ε  indicates 
resonance peaks located at 1.5 eV,  2 to 2.6 eV and 3.6 eV.  
 
 In order to obtain the electronic parameters of the δ-NbN, β-Nb2N and δ´-
NbN phases, the measured reflectivity and dielectric function were 
simultaneously fitted following an established analysis procedure [12]. The fit 
has been achieved with considering the contributions of intraband and interband 
transitions described by a Drude term and a set of three Lorentz oscillators, 
respectively: 
 
 ( ) ∑
Γ+−
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Γ+
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∞
k kk
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p
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ωω
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2
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2
  
 
where 
∞
ε  is a constant accounting for all higher-energy interband transitions that 
are not taken into account in the Lorentz terms. The Drude term is characterized 
by the plasma frequency 
p
ω  and the damping factor
p
Γ . The physical parameter 
obtained from the Drude-Lorentz analyses are the effective optical free electron 
density ( )
ee
mmNN //
**
=  given by 
 
 
2
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∗   
 
and the free electron relaxation time
p
Γ= /hτ ; where 
e
m ( *
e
m ) and e  are the mass 
(effective mass) and the charge of the electron, respectively. The optical 
resistivity is calculated by 2
0
/
ppopt
ωερ Γ= . Table 3.2 illustrates the values of the 
physical parameters of NbNx phases deduced from the fit. The cation density in 
stoichiometric δ-NbN and δ´-NbN is about n = 4.6 1022 cm-3 whereas for β-Nb2N, 
it is 5.6 1022 cm-3. Under the assumption that each Nb atom provides 3 electrons 
to the N 2p bands and two electrons to the 4d conduction bands, the charge 
carrier density Ncal was calculated (Table 3.2).  
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Table 3.2 Physical parameters (
p
ωh ,
p
Γ ,τ , 
*
N ) deduced from the fit of measured  optical properties, 
calculated carrier charge density (
cal
N ) and calculated optical(ρopt) and DC measured 
resistivity ρDC) for single phase: δ-NbN, β-Nb2N and δ'-NbN thin films. 
 
Phases ħωp 
(eV)
Гp 
(eV) 
τ 
(10-15 s)
N* 
(1022 cm-3) 
Ncal 
(1022 cm-3)
ρopt 
(µΩcm) 
ρDC 
(µΩcm) 
δ-NbN 5.8 0.65 0.66 2.44 9.2 140 260 
β-Nb2N 6.6 1.0 1.31 3.16 11.2 170 170 
δ´-NbN 3.8 0.5 1.01 1.05 9.2 260 90 
  
 The optical resistivity (ρopt) is in a good agreement with the measured one 
(ρDC) for the β phase. For the cubic δ phase ρopt is lower than the ρDC. Due to the 
influence of the grain boundaries on the DC measured resistivity, ρDC is always 
larger than ρopt. The value of ρopt is higher than ρDC, for the hexagonal δ´ phase. 
 
 In fact, it is difficult to extract the Drude term from the optical response of 
transition metal compound where d-bands play an important role. In particular, 
this causes problems when attempting to match the DC conductivity with the 
extrapolation to zero frequency of the optical conductivity opt =0 i ω, e.g.  the 
opt of Pt increases by a factor of 3 with increasing ωh  from 0 to 0.3 eV [13]. In 
such case it is crucial to measure the optical values in the infrared, and to include 
interband contributions when analyzing the dielectric function. This is the most 
likely reason why the DC conductivity of the hexagonal δ´-NbN phase film is 
apparently higher than the optical value. For a similar reason the apparent 
equality between optical and DC conductivity found for the  and β phases films 
of the present study is fortuitous and actually points an inaccurate evaluation of 
the optical conductivity.  
 
According to the band structure calculations reported for cubic δ-NbN 
[14], the lower direct gaps of interband transitions at the Γ and X points are in the 
range of 2 to 4 eV, close to the reflection edge. Thus the Drude free electron 
energy range coincides with the energy of these interband transitions. In the case 
of the hexagonal β-Nb2N, the shift of the screened plasma energy toward to 
higher energy value (4.5 to 5.0 eV) suggests reduced interband transition effects. 
In the case of the hexagonal δ´-NbN, the screened plasma energy is well lowered 
down to about 0.7 eV (as the extrapolation of the
1
ε curve suggests in figure. 3.18). 
Consequently, the observed features located at 1.5 eV, 2-2.6 eV and 3.6 eV in the 
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dielectric function as well as in the reflectance spectra are tentatively associated 
with interband transitions. Theoretical DOS calculations exhibit two peaks 
located at 2 and 3.5 eV above the Fermi level (antibonding states) arising 
predominantly from Nb 4d derived states weakly mixed with N 2p states (figure 
3.22). Thus, the observed features can be attributed to transitions between 
occupied states near the Fermi level to unoccupied hybridized Nb 4d and N 2p 
states. In addition, the Fermi level is seen to lie near a pronounced minimum in 
the density of states (DOS) (figure 3.21.). 
 
Only one report can be found in the literature on the optical properties of 
the δ-NbN phase. K. Tanabe et al. [6] report for the plasma photon energy 
p
ωh =3.47 to 3.53 eV and Гp of 0.3-0.4 eV. These values were determined by fitting 
the reflectivity spectra without taking into account the interband transitions. This 
explains why the values of 
p
ωh and 
p
Γ are lower than those found in the present 
study. 
 
3.3.1.3. XPS Valence band spectra 
 
 Figure 3.19 shows the XPS valence band (VB) spectra recorded for 
hexagonal β-Nb2N, and δ´-NbN and cubic δ-NbN phase. The VB energy 
distribution curve (EDC) of the cubic δ-NbN phase is mainly dominated by three 
peaks centered at 17 eV, 6.5 eV and 1.5 eV. The EDCs of the hexagonal phases are 
also characterized by three emission structures located at about 17.5 eV, 6 eV and 
2 eV below the Fermi level (EF), but they significantly differ from those of the 
cubic phase. The partial DOS calculated by Music et al. [15]  (Figure 3.22) allows 
to identify these peaks as arising from N 2s states degenerated with Nb 4d and 
Nb 4p states (region I), strongly hybridized N 2p - Nb 4d states (region II), and 
from predominantly Nb-4d states weakly mixed with N 2p states (region III), 
respectively.  By studying differences and changes in these three regions, 
valuable information concerning the bonding character of the three different 
phases can be extracted. 
 
 To provide a more precise description of the variations between the EDC of 
the cubic and hexagonal phases, difference data were obtained by subtracting the 
spectra of the hexagonal phases from the spectrum of the cubic phase. Similar 
procedure was also applied in comparing the two hexagonal phases (figure 3.20). 
The spectra were normalized to the intensity of the corresponding N 2s for the 
hexagonal δ´-NbN and cubic δ-NbN nitrides while for β-Nb2N the N 2s was 
fixed to half intensity of that of the hexagonal δ´-NbN, thus they represent the 
VB DOS per nitrogen atom modulated by the respective photoionization cross-
section of the involved levels of N and Nb atoms. In contrast to the featureless 6.5 
eV and 1.5 eV peaks observed in the cubic phase, those of the hexagonal phases 
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exhibit new features and strong intensity emission modifications. These features 
are labeled as d1, d2, d3, p1 and p2 as shown in figure 3.20. 
 
 
 
 
 
 
 
 
 
 
Fig. 3.19. Valence band spectra of hexagonal β-Nb2N, δ´-NbN and cubic δ-NbN. 
 
 
 
 
 
 
  
Fig. 3.20. Difference valance band spectra obtained by subtracting the data from each other. 
 
 In the case of the β-Nb2N (figure 3.20a), in the region II the 6 eV peak is 
narrowed in comparison with the broad hybridized peak of the cubic phase 
while in the region III the peak located just below EF exhibits strong broad 
emission and shows three structures: a shoulder at about 0.5 eV (peak d1), a 
narrow peak at 2 eV (peak d2) and a second shoulder located at 2.5 eV (peak d3). 
With regard to the hexagonal δ´-NbN (figure 3.20b) the most striking feature in 
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the VB region II is the splitting of the broad 6.5 eV peak in to two narrow peaks 
(peaks p1 and p2) located at 5.3 eV and 7.1 eV while the emission just below EF is 
characterized by two structures: a broad peak arising at 1.5 eV (peak d1) and a 
second one at 2.5 eV (peak d3) which is noticeable as a shoulder on the right side 
of the peak d1.  
 
 
 
 
 
 
 
 
 
Fig. 3.21. Total density of states (DOS) for hexagonal β-Nb2N, hexagonal δ´-NbN, and cubic δ-NbN, as 
obtained from the VASP code Fermi levels are set to 0 eV [15]. 
 
 
 
 
 
 
 
 
Fig. 3.22. Partial density of states (DOS) for (a) cubic δ-NbN and (b) hexagonal δ´-NbN, exemplifying the 
bonding in the studied binary nitrides. Fermi levels are set to 0 eV. [15] 
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The difference spectrum Diff = δ-NbN - β-Nb2N exhibits a positive peak 
located at about 16 eV due to the difference in the N content between the two 
phases. The position of this peak at 16 eV results from the fact that the N 2s level 
in β-Nb2N lies at slightly higher binding energy compared to that of the cubic -
NbN. A similar feature is also observed in the difference spectrum Diff = -NbN- 
’-NbN. These trends indicate that both hexagonal β-Nb2N and δ´-NbN phases 
are more covalent than the cubic fcc one.  
 
 In the VB region associated with the hybridized N 2p – Nb 4d orbitals and 
the predominantly Nb 4d states, the strong positive and negative differential 
intensities reflect important modifications of the partial (p-d)-like and d-like DOS 
in the VB structure due to the structural modifications going from the cubic to 
the hexagonal phases. In the case of hexagonal β-Nb2N two strong emissions, 
peaks d2 and d3, appear in the region of nearly pure Nb 4d states (figure 3.20c). 
Considering δ´-NbN (figure 3.20a), the spectral contribution of peak d2 vanishes, 
the contribution of the d3 peak is decreased while that of the peak d1 is increased. 
This can be explained by the dissimilarity of the first and the second as well as 
the third Nb-Nb coordination in the cubic and hexagonal structures. 
Furthermore, in the case of the hexagonal β-Nb2N the degree of hybridization 
between the nonmetal and metal ions is decreased, approximately half of the 
emission vanishes in the right side of the hybridized region II (positive peak 
centered at about 5 eV, see figure 3.20) while in the case of δ´-NbN the p-d 
hybridization leads to the formation of two well separated (p-d) bands (figure 
3.20b). The large redistribution of the VB states is associated with the low N 
content in the Nb2N film and with the changes in the nearest neighbor 
coordination of N with Nb atoms (octahedral for the cubic and trigonal prismatic 
for the hexagonal). By comparing the two hexagonal phases (figure 3.20c), it 
appears that, if the β-Nb2N is regarded as a simple defective δ´-NbN phase with 
N vacancies, a simple rigid band picture to describe the electronic structure of 
these nitrides is not appropriate. The d2 and d3 features observed at 2 and 2.5 eV 
below EF, which have Nb-d character, can be considered as vacancy peaks 
emanating from Nb-Nb bonds through the nitrogen vacancy site. In this context, 
it is reported in the literature that states associated with the vacancy peaks in 
cubic nitrides lead to a reduction of the DOS at the Fermi level providing a phase 
stability mechanism [16]. In the case of hexagonal nitrides, the effects of 
vacancies on the relative stability of phases can be elucidated from the DOS. In 
stoichiometric δ´-NbN the Fermi level is located near a pseudo gap of the DOS 
(figure 3.21). In this case, the shift of the Fermi level towards higher DOS values 
or the introduction of vacancy states in the pseudo gap can lead to drastic 
lowering of the stability. This can explains the narrow composition range 0.97≤ x 
≤1.0 (see 3.1) observed for the critical stability of the δ´-NbN phase. 
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3.3.1.4. Core levels, charge transfer and ionicity 
 
 The binding energy values of N 1s and Nb 3d2/3 core levels, associated with 
the hexagonal β-Nb2N and δ´-NbN and cubic δ-NbN nitrides, are given in Table 
3.3. Reported are also the differences of binding energies, ∆BE, between the N 
1s–Nb 3d levels. The difference of binding energies ∆BE is significant in order to 
avoid effects due to changes in crystal potential and reference level. 
 
Table 3.3 Binding energies of core levels of N 1s and Nb 3d, energy difference values ∆BE and 
hardness values of single phases: hexagonal β-Nb2N and δ´-NbN, and cubic δ-NbN. 
 
Phases N 1s (± 0.05) 
eV 
Nb 3d5/2 (± 0.05) 
eV 
∆BE (N 1s - Nb 3d5/2) (± 0.1) 
eV 
β-Nb2N 397.90 203.56 194.3 
δ´-NbN 397.77 204.10 193.7 
δ-NbN 397.20 204.20 193.0 
 
 The chemical shift of core levels is interpreted in terms of changes in the 
charge distribution providing indication of the degree of ionicity and covalency 
of the bonding [17]. 
 
 In the hexagonal phases, the N 1s and Nb 3d ∆BE values indicate that the 
covalency level in β-Nb2N is slightly higher than that in δ´-NbN. Both the β-
Nb2N and the δ´-NbN are more covalent than the cubic δ-NbN. Consequently, 
the covalency level decreases in the order β-Nb2N ≥ δ´-NbN > fcc-NbN according 
to the position of their N 1s level (397.90 eV for β-Nb2N, 397.77 eV for δ´-NbN 
and 397.20 eV for fcc NbN). 
 
3.3.2. Mixed NbNx phases 
 
 The electronic properties of each single NbNx phase provide bases for the 
interpretation of those of mixed phases. 
 The real part of the dielectric function (ε1) and the reflectivity spectra of 
NbNx films, deposited at RT and various nitrogen partial pressures PN2, are 
shown in figure 3.23a and b, respectively. The film with x =0.61 shows optical 
properties like that observed in the β-Nb2N phase. Thus, its crystal structure is 
confirmed to be β-Nb2N. From XRD measurements only it was difficult to precise 
if its crystal structure is β or δ. For 0.84≤ x ≤0.96, the screened plasma photon 
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energy 
ps
ωh decreases with increasing x. A small increase in x from 0.96 to 0.98 
leads to a change in the curve of εr and rapid decrease of psωh . This can be 
explained by the change of the crystal structure from single δ to mixed δ+δ´. 
Further increases of x leads to the progressively change in r behaviour towards 
that of single δ´ phase. This indicates that the δ´ phase content in the film 
increases, with increasing x. Due to the weak peaks observed on the XRD 
patterns of this film, it was difficult to determine exactly the evolution of the δ´ 
phase in these films, which is therefore confirmed by spectroscopic ellipsometry 
measurements. 
 
  
 
 
 
 
 
 
 
 
Fig. 3.23. Dielectric function (a) and reflectivity (b) spectra of NbNx films, deposited at RT and various 
nitrogen partial pressure PN2, with different x=N/Nb. 
 
 The real part of the dielectric function (εr) and the reflectivity spectra of 
NbNx films, deposited at PN2 =15% and various substrate temperature Ts, are 
shown in figure 3.23a and b, respectively. The optical properties change 
continuously from that of δ phase to that of δ´ phase, with increasing Ts. This is 
due to the increase of the content of the δ´ phase in the film with increasing Ts 
(figure 3.5a). 
 
 The real part of the dielectric function (εr) and the reflectivity spectra of 
NbNx film, deposited at Ts = 400°C and various PN2, are presented in figure 3.24a 
and b, respectively. As a function of the phase concentration, the shape of the 
permittivity ( )ωε h
r
 and of the reflectivity curves progressively changes from 
those of the starting single phase to those of the single second phase. 
 
ε
r
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The knowledge of the optical characteristics of the single NbNx phases 
allows estimating the degree of the mixture of NbNx phases. Therefore, 
spectroscopic ellipsometry SE measurements provide an efficient diagnostic for 
the optical characterization and identification of these NbNx phases 
 
 
 
 
 
 
 
 
 
 
Fig. 3.24. Dielectric function εr (a) and reflectivity (b) spectra of NbNx films, deposited at PN2 =15% and 
various Ts, with different δ´ phase content. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.25. Dielectric function εr (a) and reflectivity (b) spectra of NbNx films, deposited at Ts =400°C and 
various PN2, containing different phase compositions. 
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3.4. Mechanical properties and stability 
 
3.4.1. Single NbNx phases 
 
To investigate the mechanical properties, nanoindentation and stress 
measurements were done for as deposited single phase films and after their heat 
treatments. Treatment 1 consists in heating at 700°C in vacuum at the residual 
pressure Pres =1× 10-3 Pa. Treatment 2 consists in a heating at 800°C in high 
vacuum at Pres =5 ×10-6 Pa. Treatment 3 consists in heating at 1000°C in high 
vacuum at Pres =1× 10-5. The oxygen concentration has been measured in as 
deposited film and after treatment 1. The nanohardness (H) and stress () state 
have been measured after each treatment.  Results of the different heat 
treatments are summarized in Table 3.4 
 
Table 3.4 Hardness (H), stress (σ) and oxygen concentration (O) for as deposited and after heat 
treatments (see text for details) NbNx single phases: β-Nb2N and δ´-NbN, and cubic δ-
NbN; PO: Peel-off. 
 
Single 
phase 
films  
As deposited 
  H         σ       O       
(GPa)(GPa)(at.%) 
Treatment 1 
H         σ       O      
(GPa)(GPa)(at.%)
Treatment 2 
H         σ       
(GPa)(GPa) 
Treatment 3 
H         σ       
(GPa)(GPa) 
δ´ 40 -3.5 2 23 -3.5 28 37 -4 35 -1.6 
β 34 0.8 2 23 -0.5 29 -- -- PO PO 
δ 24 -1 2 23 0 37 24 0.6 23 0.9 
 
The hardness of δ´ and β phases are 40 and 34 GPa, respectively.   The 
hardness of cubic δ-NbNx is 24 GPa. For as deposited films, single hexagonal δ´ 
and β phases are harder than the cubic δ phase. Similar results were found by 
Sanjinés [18]. They report a high hardness for pure hexagonal V2N and Cr2N 
films compared to cubic VN and CrN films. Singer et al. have found that the β-
Nb2N phase is harder (40%) than the -NbN phase [19]. High compressive stress 
is present in the δ′ thin film (-3.5 GPa) compared to the stress in the film of 
phases β (0.8 GPa) and δ (-1 GPa). The thermal stress for NbNx film on Si 
substrate, caused by the mismatch in the thermal expansion coefficient, is about 
0.6 GPa. Thus extrinsic thermal stress can originate the stress observed in the β 
single phase. On the contrary, the residual compressive stress in the δ´ and δ 
phases must be attributed to intrinsic stress. 
 
After the heat treatment 1, every single phase shows a hardness of 23 GPa. 
The hexagonal phases lose their high hardness. After treatment 2, the hardness of 
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hexagonal δ´ is still high 37 GPa. The stress in this film is practically unchanged (-
4 GPa). After heat treatment 3, the hardness of the δ´ phase is still high 35 GPa 
whereas the stress reduces down to -1.6 GPa. For the δ phase the hardness is 
unchanged after Treatment 1, Treatment 2 and Treatment 3 even if its stress 
decreases and even becomes tensile. The hardness induced by the stress is 
expected to disappear after heat treatment at 400°C. Thus, the hardness of the 
hexagonal δ′ phase is not caused by the stress. In fact, a small contribution to the 
hardness (~5 GPa) can be expected to be due to the compressive stress observed 
in this phase. The high hardness found in this δ´ phase can be attributed to the 
high degree of covalence observed in this phase (see 3.3.1.4). The dense 
microstructure also contributes to the high hardness of this phase (see 3.2) and 
especially to its higher oxidation resistance compared to that of the cubic δ phase. 
The observed difference in hardness between the two hexagonal phase β and ´ 
is probably due to their different microstructures (see 3.2.1). 
 
The applied heat treatments reveal different stability regimes of the 
investigated phases. The real part of the dielectric function (εr) of the hexagonal 
δ´ phase after heat treatment 3 is similar to that observed for single hexagonal δ´ 
without heating. In contrast, that of single δ phase after heat treatment 3 changes 
is similar to that of mixed δ´+δ phases. Thus the hexagonal δ´ phase after heat 
treatment is stable in contrast with the cubic δ which changes to mixed δ´+δ 
phases (figure 3.26). 
 
 
 
 
 
 
 
 
 
Fig. 3.26. Reel part of the dielectric function spectra of δ-NbN and δ´-NbN after heat treatment 3, 
compared with that of as deposited δ- NbN and δ´-NbN phases. 
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3.4.2. Mixed NbNx phases 
 
 The hardness of mixed phases is related to the intrinsic hardness of each 
constituent phase and to the morphology of the film. The intrinsic hardness of 
each phase is related to the cohesion, length and the covalence of bonds. The 
morphology of the films is controlled by the deposition parameters, e.g. nitrogen 
partial pressure and substrate temperature [20]. 
 
The evolution of the hardness and Young’s modulus of NbNx films, 
deposited at RT and various PN2, appears to be related with the type of 
component phases and their concentration (figure 3.27). The film with x =0.57 
which crystallizes in the mixed (β+) phases shows high hardness ∼32 GPa. In 
contrast, single cubic  phase films, 0.6< x <0.97 have low hardness ∼24 GPa. For 
mixed (+’) phase films, x >0.97, the hardness increases up to 29 GPa with 
increasing x. This increase is expected to be due to the increase in the hexagonal 
second phase content. Even if the XRD does not allow following the evolution of 
the hexagonal content, the behavior of the dielectric function appears to confirm 
that increase of the hexagonal content with increasing x. 
 
 
 
 
 
 
 
 
Fig. 3.27. Hardness and Young’s modulus of NbNx films, deposited at RT and various PN2, as a function of 
the ratio x=N/Nb; β: hexagonal Nb2N, δ: cubic NbN and h: hexagonal ’-NbN or -NbN. The 
dotted line follows the values of hardness and Young’s modulus as a guide for the eye 
 
 Both, the hardness and the Young’s modulus increase with increasing Ts, 
for film deposited at PN2 =15% (figure 3.28). The measured hardness differs from 
that calculated following the mixture law using the measured hardness for each 
single NbNx phase. In fact, the increase in hardness, with increasing Ts, is 
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attributed to both, the increase of the hard δ´ phase content in the film and the 
film density. 
 
 
 
 
 
 
 
 
 
 
 
Fig.  3.28. Hardness and Young’s modulus of NbNx films, deposited at PN2 = 15% and various Ts. The 
continue line follows the values of calculated hardness, according to mixture law, as a guide for 
the eye. 
 
The hardness and Young’s modulus as a function of N/Nb ratio for NbN 
films, deposited at Ts= 400°C and various PN2, are represented as a function of 
the δ´ phase content (δ´[%]) in the figure 3.29. No correlation between the grain 
size, preferential orientation, and the hardness and Young’s modulus can be 
found. The β and β+δ (~35 GPa) films are harder than the single δ-NbN films 
(~25 GPa). The hardness of mixed (δ+δ´) film is low (~ 25 GPa) with δ´[%] < 50% 
whereas δ+δ´ films with δ´[%]>50% are very hard (~ 40 GPa). This implies that 
the hardness and Young’s modulus values are governed by the type and the 
quantity of the NbNx phases present in the films. Films with high concentration 
of the hard δ´-NbN phase exhibit high hardness and Young’s modulus. This is 
due to the high intrinsic hardness of the δ´ phase and to the high density of the 
microstructure of the films containing high δ´ phase content. 
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Fig. 3.29. Hardness and Young’s modulus of NbNx films, deposited at Ts =400°C and various PN2, as a 
function of the δ´ phase content. The dotted line follows the values of hardness as a guide for the 
eye. 
 
3.5. Summary 
 
Three single and mixed phases of NbN: δ, δ´ and β films were successfully 
deposited by varying the nitrogen partial pressure PN2 and the substrate 
temperature Ts. The properties of these films were systematically investigated. 
For x=N/Nb approaching the 0.5 the β phase is the more stable. With x 
approaching unity the δ´ is stable whereas for the others values of x the stable 
phase are δ. Only mixed phases of δ+ β and δ+ δ´ were deposited. The three 
single phases show a columnar morphology. The columnar structure in the 
hexagonal phases is more distinct than in the cubic. In contrast to the δ and δ´ 
phases, the microstructure of the β phase shows twins. The optical properties of 
the single phases are significantly different. Thus, spectroscopic ellipsometry 
measurements can be used for the determination of the phase composition in the 
NbN system. Reflectivity spectra of the δ´ phase exhibit a sharp edge at 1 eV 
which is not common in the fcc MeN phases. The covalence character is more 
pronounced in the hexagonal phases than in the cubic one. The high hardness of 
35 and 40 GPa measured for the β and δ´ phases compared to that of the cubic, 25 
GPa, can be related the high covalent character of the hexagonal phases 
compared to that in the cubic. The high hardness of the δ´ phase is intrinsic. This 
phase keeps a high hardness of 35 GPa, after heating at vacuum at 1000°C. 
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Chapter 4 
Ternary silicon niobium nitride Nb-Si-N thin 
films 
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In this chapter, the Chemical composition, crystal structure, 
morphology, electronic properties and mechanical properties of 
Nb-Si-N thin films are reported as a function of the Si content. 
Three distinct composition domains are specified. A model of the 
microstructure evolution is proposed, as a function of Si content. 
This model permits to explain the evolution of the properties of 
the Nb-Si-N films due to Si addition. 
 
Chapter 4________________________________Ternary silicon niobium nitride Nb-Si-N thin films 
 
 48
4.1. Chemical composition 
 
Nb-Si-N thin films have been deposited by reactive magnetron sputtering 
from two confocal Nb and Si targets. 
 
In order to obtain various Si contents in the films, the current applied on 
the Si target (ISi) was varied. The Nb content decreases with increasing ISi, while 
that of Si increases (figure 4.1). The concentration of oxygen and carbon in the 
films was measured by electron probe microanalysis (EPMA) and found less 
than 2 and 3 at.%, respectively. It can be noticed, that for film without Si the 
concentration of Nb (at.%) is larger than that of N (at.%) whereas for Nb-Si-N 
film N (at.%)>Nb (at.%).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1. Chemical composition of Nb-Si-N films as a function of the applied current on the Si target. 
 
 
4.1. Crystalline structure and morphology 
 
XRD patterns, measured at grazing incidence (γ= 4°), of Nb-Si-N films are 
illustrated in figure 4.2.  The crystal structure of the film deposited without Si is 
mixed of δ+δ´ phases.  The addition of Si, even in small quantity (~1at.%), leads 
to the deposition of the single cubic δ phase, only. Neither silicide phases nor 
crystalline Si3N4 peaks are detected in the X-ray diffraction diagrams. For CSi 
below ~11 at.%, the Nb-Si-N films are well crystallized. At higher CSi, the films 
become amorphous. 
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Fig. 4.2. X-ray diffraction patterns at grazing incidence (γ=4°) of Nb-Si-N films with different Si contents 
(Cu Kα). 
 
The texture parameter (I111/I200) and the crystallite size (perpendicular to 
plane of the film) are calculated from the XRD patterns, recorded in the Bragg–
Brentano configuration (figure 4.3). They are represented in figure 4.4.a and b, 
respectively. All the films are strongly textured in the [200] direction, except the 
films with CSi = 3.2 at.% which are [111] textured and with CSi = 4.9 at.% that are 
not textured. The pure NbN film shows a grain size of about 5 nm. Adding a 
small quantity of Si (~1 at.%) leads to the increase in the grain size up to 12 nm. 
This increase can be attributed to the change in the crystal structure from mixed 
δ+δ´ to single δ phase. The grain size does not significantly changes for 1≤ CSi 
≤4.9. At CSi = 6.5 at.% the grain size is larger, about 18 nm. Above 6.5 at.% Si, the 
crystallite size decreases as the Si content increases.   
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Fig. 4.3. X-ray diffraction patterns at Bragg-Brentano of Nb-Si-N films with different Si contents (Cu Kα). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.4. Preferential orientation I111/I200 (a) and grain size (b) of Nb-Si-N films vs. Si content. Dashed line 
follows the values of grain size as a guide for the eye. 
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TEM and HRTEM images of the cross sectional view of the Nb-Si-N films, 
with various Si content, are illustrated in figures 4.5 and 4.6, respectively.  
 
The film with low Si content, CSi =4.9 at.%, has a columnar structure 
(figure 4.5a). Each column is formed by crystallites agglomerates. For higher Si 
content, CSi ≥12 at.%, the global texture is still present in the film, but inside the 
same column the crystallites have different orientations. Consequently, the 
diffraction contrast increases inside the column and practically disappears 
between the columns (figure 4.5b). The columnar morphology disappears for Si 
content higher than 24 at. % and the films are quasi-amorphous (figure 4.5d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.5. TEM images of Nb-Si-N films with various Si content: a) 4.9 at.% b) 12.7 at.%, c) 20 at.%, d) 24 
at.%. 
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The film at 20 at.% Si (figure 4.5c) shows a mixture of well crystallized 
columns dispersed in a quasi-amorphous matrix. Inside the columns, the mean 
value of the crystallite size is 6 nm. In contrast, the grain size is 2-3 nm in the 
quasi-amorphous matrix (figure 4.6a,b). X-ray energy dispersive spectrometry 
(XEDS) investigations reveal 23 at. % Si inside the crystalline columns and 18 
at.% Si in the quasi-amorphous matrix (figure 4.7). These films present an 
intermediate morphology between homogeneously well crystallized films and 
quasi-amorphous films. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.6. HRTEM images of Nb-Si-N films: (a) 20 at.% inside and (b) 20 at.% outside the column. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.7. STEM image with marked points for the chemical composition, measured by XEDS, of Nb-Si-N 
films with Si content 20 at.%. The dashed line delimits the columns. 
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4.3. Electronic properties 
 
4.3.1. FTIR and XPS 
 
In order to understand how the silicon atoms are incorporated in the Nb-
Si-N films, FTIR absorption spectra were measured (figure 4.8). The film with CSi 
≈1 at.%, does not present an absorption band, in the range 700–1100 cm−1, 
whereas that with ~5 at.% shows a broad weak peak. Further increase of Si 
content leads to the increase in the intensity of this absorption peak. Many 
investigations report Si–N vibrational modes located at 800, 840, and 970 cm-l. 
The main mode at 840 cm-l was attributed to asymmetric stretching vibrations of 
NSi3 groups, the mode at 800 cm-1 was attributed to the Si-N bond vibration in 
the SiNx configuration and the high frequency mode at 970 cm-l was correlated 
with the NSi3 groups as planar configurations [1,2].  
 
XPS measurements of the Si 2p peak, done by Tabet [3], provide further 
information on the Si bonding in the films (figure 4.9). The film with CSi ≈1 at.% 
presents a peak at a binding energy (BE) of ~99.4 eV. A peak at BE~101.2 eV 
appears with increasing CSi. This peak is particularly well observed for CSi ≥6.5 
at.%. The low energy peak at 99.4 eV can be assigned to Si in either free Si or Nb 
silicide. The second peak appearing at high BE with increasing CSi, reflects that 
the silicon becomes more nitrided with probably Si3N4 formula. The high energy 
peak (101.2 eV) corresponds to the Si valence state associated with the 
replacement of the four possible Si–Si bonds by Si–N bonds [4]. A similar 
behavior was observed in sputtered Ti-Si-N films [5].  
 
 
 
 
 
 
 
 
Fig . 4.8. FTIR spectra of Nb-Si-N films with various Si contents. 
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Fig. 4.9. XPS spectra of Si 2p in Nb-Si-N films with various Si contents [3]. 
 
4.3.2. Electrical resistivity 
 
 The variation of the electrical resistivity ρRT at room temperature, as a 
function of the Si content, is illustrated in figure 4.10a. For CSi ≤3.2 at.%, the 
resistivity ρRT remains constant (135 µΩcm) with increasing CSi. This ρRT value is 
lower than that found for pure cubic NbN phase films, which is ~250 µΩcm (see 
3.3.1.1). The decrease of the ρRT after addition of ~1at.% can be attributed to the 
induced increase of the grain size (see 4.1). At CSi= 4.9 at.%, the ρRT becomes 180 
µΩcm whereas at CSi= 6.5 at.% it increases to 330 µΩcm. Further increase in Si 
content leads to a high increase in ρRT up to 2700 µΩcm. It is clear that for a 
certain Si content in the range 3.2-5 at.% something changes in the structure of 
the Nb-Si-N films which induces an increase in the ρRT. Since the grain size does 
not change with increasing the Si content from 3.2 to 4.9 at.% the observed 
increase in ρRT is expected caused by the change in the nature of the grain 
boundaries. 
 
The variation of the  d.c. electrical resistivity as a function of the 
temperature is shown in figure 10b. The resistivity )(Tρ  curve of every film 
exhibits a negative temperature coefficient of resistivity TCR (=
T∂
∂ρ
ρ
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). A 
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negative TCR is frequently observed in sputtered NbN thin polycrystalline films. 
It is often explained in terms of grain boundary scattering effects [6]. A second 
probable mechanism which was reported is the electron localization in weakly 
disordered metallic materials (weak localization model) [7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.10. Resistivity at room temperature and as a function of temperature of Nb-Si-N films, vs. Si 
content, (a) and (b), respectively. 
 
4.3.3. Optical properties 
 
The reflectivity of Nb-Si-N films for CSi ≤10.7 is presented in figure 4.11. 
At these Si contents the Nb-Si-N films, with thickness higher than 1µm, are 
opaque and no reflection from the interface film/substrate can occur.  
 
The reflectivity of Nb-Si-N films in the infra-red (IR) and visible range 
does not significantly change for CSi ≤3.2%), with increasing Si content. Further Si 
content increase leads to a rapid decrease in the reflectivity in the IR and visible 
range. The films change their behavior from metallic to dielectric with increasing 
the Si content. 
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Fig. 4. 11. Reflectivity spectra of Nb-Si-N films with various Si contents. 
 
The real (εr) and imaginary (εi) parts of the dielectric function of Nb-Si-N 
films with various Si content are shown in figures 4.12a,b. The refractive index 
(n) and the extinction coefficient (k) are reported in figure 4.13a,b. A simple semi-
infinite model was used to calculate εr, εi, n, and k for Nb-Si-N films with CSi 
≤10.7. In this range of Si contents the films are considered as opaque with a 
thickness higher than 1µm. With increasing the Si content in the films, the 
behavior of εr and εi changes from a metallic to a dielectric character. The 
screened plasma energy (ћωps) is shown, as a function of the Si content, in figure 
4.14. Two different regimes are observed for the variation of the ћωps as a 
function of the Si content. The screened plasma energy ћωps for Nb-Si-N films 
with CSi ≤3.2 at.% slowly decreases with increasing Si content. Further Si content 
increase induces a rapid decrease of ћωps.  
 
Values of the refractive index (n) and of the extinction coefficient (k), at 
photon energy equal to 2.24 eV corresponding to wavelength of 500 nm are 
reported in figure 4.14, as a function of Si content. The n increases from 1.5 to 2.2 
whereas the k decreases from 2.9 to 2.1, with increasing CSi from 1.1 at.% to 10.7 
at.%. 
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Fig. 4.12. Dielectric function of Nb-Si-N films with various Si contents: (a) reel part (b) imaginary part. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 4.13. Refractive index (n) and extinction coefficient (k) spectra of Nb-Si-N films with various Si 
contents. 
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Fig. 4.14. Values of Refractive index (n) and extinction coefficient (k) at wavelength of 500 nm and 
screened plasma energy (ωps), vs. Si content in Nb-Si-N films. 
 
 
4.4. Mechanical properties 
 
Figure 4.15 shows the hardness as a function of the Si content and reports 
the residual stress values of the Nb-Si-N films. The measured hardness for the 
film deposited without Si (pure NbN) is 35 GPa. This hardness value is relatively 
high because of the presence of the hard hexagonal δ´ phase (40 GPa) in the film 
(see 3.4). Since every Nb-Si-N film, deposited with Si addition, crystallizes in a 
single cubic δ structure its hardness has to be compared to that of the typical 
cubic δ phase (25 GPa). The nanohardness increases from 25 GPa to 34 GPa with 
increasing Si content, from 0 to about 4.9 at.%. The films with CSi in the range 
4.9–11 at.% present the highest nanohardness (~34 GPa). For larger CSi, the 
nanohardness decreases and gradually tends towards the reported value for the 
amorphous Si3N4 phase (22 GPa) A similar trend has been observed in sputter 
deposited Ti-Si-N thin films [5]. The hardness behavior of sputter deposited Nb-
Si-N films is also comparable to that observed in nanocomposite Me-Si-N 
(Me=Ti, V, W) deposited by plasma CVD [8,9] or PVD [10-12].  
 
All the Nb-Si-N films are in a state of compressive stress. The thermal 
stress induced by the difference in the thermal expansion between the NbN film 
and the Si substrate is tensile and is about 0.4 GPa. On the assumption that a low 
amount of Si addition does not significantly influence the thermal expansion of 
the film, this thermal stress cannot explain the compressive stress values in the 
Nb-Si-N films.  
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For CSi ≤3.2 at.%, no significant change in the stress of films is observed. 
For 3.2≤ CSi ≤6.5 at.% the stress increases with increasing Si content. Further 
increase of the Si content leads to a decrease in the residual stress. The change in 
the stress, at certain Si content indicates probably the presence of microstructural 
modifications in the film. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.15. Nb-Si-N films: Nanohardness and compressive stress vs. Si content. Continue line follows the 
values of stress as a guide for eye. Cubic-NbN: typical hardness of the cubic NbN films 
measured in this study (see 3.4), Si3N4: hardness of Si3N4 from [4]. 
 
 
 
4.5 Model of the morphology evolution as a function of Si content 
 
Regarding the evolution of the properties of Nb-Si-N films, with 
increasing Si content, it appears that for certain Si concentration between 3.2 and 
5 at.% the properties of these films significantly change. A model for the Nb-Si-N 
film, formation as a function of Si content is proposed. The experimental results 
which sustain this model are presented below. 
 
 In this model, three distinct domains of concentration are specified (figure 
4.16). In Domain 1 (1≤ CSi ≤4 at.%) the Si atoms substitute Nb in the NbN lattice 
and the NbN:Si phase is formed. In Domain 2 (4≤ CSi ≤7 at.%), where the 
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solubility limit is exceeded, a fraction of Si atoms segregate at the grain 
boundaries. A nanocomposite film containing NbN:Si grains partially covered by 
SiNx layer is formed. The value of 4 at.% is chosen as a limit of the solubility at 
the middle of the Si content range from 3.2 to 4.9 at.%. The upper limit, 7 at.%, 
for the domain 2 corresponds to the Si content for which the coverage of the 
NbN:Si grain by SiNx layer is 100% (see annex 1). For further increase in Si 
content (Domain 3), the NbN:Si crystallites, surrounded by a monolayer of SiNx, 
reduce their size. So, the increasing amount of the SiNx amorphous phase in the 
films is obtained by increasing the surface to volume ratio of the NbN:Si 
crystallites. Figure 4.16 illustrates this model of morphology evolution.  
 
 
Fig. 4.16. The film formation model for the Nb-Si-N ternary system. 
 
The following results have allowed establishing this model. 
 
In order to study the solubility domain of Si in NbN, the relaxed lattice 
constant a0 for various Si content is reported in figure 4.17. The a0 value is 
deduced by calculating and subtracting the residual stress contribution to the 
lattice deformation. The lattice constant (a) was calculated from the position of 
the (200) peak in the XRD patterns, measured in the Bragg-Brentano 
configuration. Considering that the films are free of stress perpendicular to the 
plane of the film (σz =0), and that the stress of the film parallel to plane is 
isotropic (σx = σy = σ), then the relaxed lattice constant a0 can be calculated with 
help of the relation 
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where σ, ν and E are the compressive residual stress, the Poisson coefficient (0.3) 
and Young’s modulus measured on Nb-Si-N films by nanoindentation, 
respectively. 
 
Even in small quantities (1 at.%), the Si addition induces a significant 
increase of the lattice parameter a0 by about 0.7 %.  This lattice variation is 
attributed to the important increase of the nitrogen content in the film (figure 
4.18). The increase of the N content in the Nb-Si-N films, compared to NbN, can 
be attributed to the influence of the second plasma (from the Si target) on the 
kinetic of the film growth, by increasing the ionization of the N atoms. The 
introduction of N into interstitial positions and the diminution of possible Nb 
and N vacancies in the NbN lattice are responsible for the observed lattice 
expansion. In the fcc NbN, the intrinsic vacancy concentration can reach 13% 
[13]. Further increase of the Si content in the films (Domain 1 and 2 in figure 4.17) 
leads to a decrease of the lattice parameter. In Domain 1 (1≤ CSi ≤4 at.%) the 
decrease of a0  can be explained by a lower global nitridation  (i.e. having less 
nitrogen in interstitial sites) and by a replacement of Nb by Si in the fcc NbN 
lattice. Similar results of the lattice parameter contractions were already observed 
for Cr-Si-N films [14]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.17. Relaxed lattice parameter of Nb-Si-N films vs. Si content. 
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Fig. 4.18. N/(Nb+Si) ratio of Nb-Si-N films  vs. Si content. 
 
In Domain 2, the lattice parameter decreases with increasing Si content, 
but at a lower rate. This can be explained by the diminution of the nitrogen 
content inside the crystallites. The formation of the SiNx (x≥1.5) phase 
surrounding the NbN:Si crystallites (with ~4 at.% Si inside) can explain the 
increase of the global N/(Nb+Si) ratio (figure 4.18). The results of the XPS 
measurements point at this sense (see 4.3.1). Further increase of Si content (CSi ≥ 7 
at.%) does not significantly change the lattice parameter value (Domain 3). The 
decrease of N content for higher Si content (Domain 3 figure 4.18) is a 
consequence of the increasing Nb + Si atomic fluxes whilst maintaining the same 
N2 partial pressure. 
 
According to XEDS, certain regions which probably consist of SiNx appear 
in Nb-Si-N films rich in Si. The use of XRD, FTIR, XPS, TEM and HRTEM do not 
allow distinguishing whether this SiNx form a separate phase or coat the NbN 
crystallites. No direct method can answer this question; the study of the variation 
of the grain size (D) vs. Si content provides hints. The reduction rate of crystallite 
size with Si addition (-∆D/∆CSi ) is negative or 0 at low Si content (Domain 1 and 
2). The decrease of the mean crystallite size in the films due to Si incorporation is 
observed only in Domain 3 (CSi ≥ 7 at.%). In this domain, the size of the 
crystallites in the Nb-Si-N films decreases according to the relationship CSi α 
(1/D), as shown in figure 4.19. A similar behaviour was found for Ti-Si-N [11] 
and Ti-Ge-N films [15]. During the film growth, the Si atoms segregate at the 
grain surface, and hinder the growth of the NbN:Si crystallites. The dependence 
CSi α (1/D) confirms the increase of the amount of the SiNx phase in the films on 
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the NbN:Si nanocrystallite surfaces by increasing their surface/volume ratio and 
maintaining a constant thickness of the SiNx layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.19. Si content of Nb-Si-N films vs. the inverse of grain size (1/D). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.20. The relative variation of resistivity (∆ρ/ρ) and the Si coverage ratio vs. Si content of Nb-Si-N 
films. 
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Complementary studies of the electrical resistivity of Nb-Si-N films as a 
function of the temperature bring into evidence the presence of the SiNx layer at 
the grain boundaries. 
 
From the evolution of the resistivity as a function of the temperature 
(figure 4.10b), in the range (150K-RT), the relative variation of the resistivity with 
temperature ∆ρ/ρ ((ρ150K - ρRT) /ρ RT) is reported vs. Si content in figure 4.20. In the 
chosen range of temperature (150 K-RT) the resistivity varies linearly with the 
temperature. 
 
In the Si content dependence of ∆ρ/ρ, three distinct domains are observed, 
which correspond to the 3 domains pointed out through the observation of the 
structural and morphological film evolution. A good correlation between the Si 
coverage and the ∆ρ/ρ can be noted. Calculation details of the Si coverage are 
reported in annex 1. 
 
 In Domain 1 (Si atoms soluble in the NbN lattice) ∆ρ/ρ ~0.05 and is 
constant. A drastic increase of ∆ρ/ρ to ~ 0.3 is observed in Domain 2. This 
corresponds to the formation of the SiNx layer at the grain boundaries. In 
Domain 3, ∆ρ/ρ is constant at 0.3 and corresponds to a constant thickness of the 
SiNx layer. In fact, the ∆ρ/ρ parameter is related to the temperature coefficient of 
resistivity (TCR) which reflects the evolution of a supposed grain boundary 
barrier. 
 
 Quantitatively, the behaviors of the variation of the resistivity relative and 
the Si coverage ratio, as a function of Si content, are similar. The TCR behavior is 
dominated by the formation of SiNx insulating layer at the grain boundaries. 
TCR measurements can provide a good method for the detection of the solubility 
limit of Si in NbN. 
 
4.6. Understanding of the hardening and stress state in Nb-Si-N 
films with help of the proposed model 
 
In Domain 1 (CSi ≤4 at.%), the hardening observed with increasing CSi is 
due to the fact that Si atoms are soluble in the NbN lattice in this domain. Thus, a 
solid solution hardening mechanism can explain the hardness increase. Even 
though changes in the film morphology were not seen, they cannot be excluded 
and they can also influence the film hardening in this concentration range. The 
stress state is related to the morphology of the film. Since Si atoms are soluble in 
NbN crystallites, the film morphology does not change and the stress remains 
constant with increasing CSi.  
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In Domain 2 (4≤ CSi ≤7 at.%), the NbN:Si grains cannot accept the whole 
quantity of added Si atoms. This induces a diffusion of a certain amount of Si to 
the grain boundaries. Thus a layer of SiNx surrounding the NbN:Si  crystallite is 
formed. If the hardness remains constant the stress increases in this Si 
concentration range. The formation of the SiNx layer surrounding the NbN:Si 
grains during the film growth alters the stress state. 
 
Further increase of the Si content (Domain 3, CSi ≥7 at.%) leads to a 
reduction of the crystallite size without changing the thickness of the SiNx layer 
at the crystallite surface. This induces a gradual nanohardness decrease towards 
the reported value for the amorphous Si3N4 phase (22 GPa). In fact, above CSi ~13 
at.% the volume fraction of the SiNx phase becomes significant and, with 
increasing Si content, thus the films become softer [15]. As a consequence of the 
crystallite size reduction, the compressive stress decreases in Domain 3.  
 
As a conclusion, the stress is not responsible on the hardening in the Nb-
Si-N films. The stress evolution as a function of the Si content, gives reliable 
information on the microstructure evolution. 
 
4.7. Summary 
 
A model for the film formation of Nb-Si-N thin films deposited by DC 
magnetron sputtering is proposed. Observing the evolution of the structural, 
morphological and mechanical properties with increasing Si content, 3 distinct 
concentration domains are pointed out. In Domain 1 (1≤ CSi ≤ 4 at.%) the Si atoms 
substitute Nb in the NbN lattice and polycrystalline film of NbN:Si grains is 
deposited. In Domain 2 (4≤ CSi ≤7 at.%) a fraction of Si atoms segregates at the 
grain boundaries. A SiNx layer is formed on the NbN:Si crystallite surfaces. The 
covering ratios increase with Si content up to 100% (formation of a monolayer). 
Further increase in Si content (Domain 3), the NbN:Si crystallites, surrounded by 
a monolayer of SiNx, reduce their size. So, the increasing amount of the SiNx 
phase in the films is realized by increasing the surface to volume ratio of the 
NbN:Si nanocrystallites. 
 
The formation of the SiNx layer can explain the change observer in the 
electrical and optical properties of Nb-Si-N films with increasing the Si content. 
 
The resistivity measured as a function of temperature is proposed to 
provide an experimental mean for determining the limit of Si solubility in Nb-Si-
N system and for following the thickness evolution of the SiNx coverage layer in 
the composite films.  
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The hardness behavior is explained through the structural and 
morphological mechanisms involved at the nanoscale level: solid solution 
hardening explains the hardening observed in the Nb-Si-N films. 
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Chapter 5 
Ternary aluminum niobium nitride Nb-Al-N 
thin films 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 
  
 
In this chapter, properties of NbzAlyNx thin film such as chemical 
composition, crystalline structure, electronic and mechanical 
properties are reported as a function of the Al content. Two series 
of samples are deposited: with low Al content NbzAlyNx, y≤0.17, 
obtained by monitoring the Al target current and with high Al 
content deposited by lowering the current on the Nb target.  
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5.1. Chemical composition 
 
In order to cover a large range of Al content, two series of NbzAlyNx films 
were deposited. The first was deposited at INb = 0.3 A with varying the current 
applied on the Al target (IAl) (figure 5.1a). In this series the Al content 
progressively increases in NbzAlyNx up to y =0.17 whereas the Nb content 
decreases and N remains fixed at x ≈0.5, with increasing IAl. It was found that for 
IAl >0.15 A the oxygen concentration increases rapidly and reaches a high value, 
more than 10%. In order to deposit Nb-Al-N films with high Al content and low 
oxygen content a second series was deposited by keeping the IAl at 0.15 A and 
varying the current applied on Nb target INb from 0.03 to 0.07 A (figure 5.1b). In 
this case, the Al content increases from y=0.18 up to y=0.33 when the INb content 
decreases from 0.07 to 0.03. 
 
The N content is relatively higher than in the first series, around 0.55 at.% 
(figure 5.1b). High N content observed for this series is probably related to the 
high Al content and its high affinity to N compared to that of Nb. The oxygen 
content is less than 3 at.% for all Nb-Al-N films. 
 
 
 
 
 
 
 
 
 
 
Fig. 5.1. x, y, z and oxygen content in NbzAlyNx films deposited vs. (a) IAl (INb =0.3 A) and (b) INb 
(IAl=0.15 A). 
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5.2. Crystalline structure 
 
Nb-Al-N films deposited without Al (pure NbNx) crystallize in mixed 
δ’+δ phases (figure 5.2a). The addition of Al in small quantity, y≤ 0.02, leads to 
the deposition of mixed δ’+δ phases, with a relatively low δ’ content in the films. 
Further increase of y leads to the deposition of single phase cubic δ films, for y 
≤0.19 (figure 5.2a and b).  For y ≥0.27, the films contain mixed phases: cubic δ 
structure and hexagonal AlN (PCPDF file 25-1133) structure (figure 5.2b). The 
results indicate that the solubility limit of Al in NbNx is y/(y+z) =0.5±0.1. A 
value of 0.53 for the limit solubility of Al in NbNx was predicted by Makino et al. 
[1]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.2. XRD patterns of  NbzAlyNx films deposited vs. (a) IAl and (b) INb. 
 
 
The lattice constants (a) and average grain size (D) calculated from the 
peaks (111) and (200) of XRD (in grazing incidence configuration, γ= 4°), are 
represented on figure 5.3 as a function of the Al content in the film. The addition 
of Al by substitution of Nb leads to the shrinkage of the lattice.  The lattice 
constant decreases following a linear relationship as y increases. Since the atomic 
radius of aluminum is smaller than that of niobium, the substitution of Nb atoms 
by Al atoms in the NbN lattice leads to the decrease in the lattice constant. The 
linear relationship of the lattice constants as a function y indicates the solubility 
of the Al in the cubic NbNx structure. Except for two films, y = 0.05 and 0.18, 
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where the average grain size is about 15 nm, all NbzAlyNx have an average grain 
size of the order of 10 nm. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.3. NbzAlyNx thin films: lattice constants (a) and average size (D) of cubic grains, vs. Al content y. 
The continuous line follows the lattice constants values as a guide for eye. 
 
5.3. Electrical and optical properties 
 
Room temperature resistivity (ρRT) of NbzAlyNx films is represented in figure 
5.4. For y ≤0.07 the resisivity ρRT varies in the range 100-200 µΩcm, without significant 
trend. For 0.07≤ y ≤0.19, ρRT increases with increasing y. In this composition range, Al 
atoms are soluble in the NbN lattice. Since each Al atom gives to the conduction band 2 
electrons less than the Nb atom, the density of the free electrons reduces with increasing 
y. Thus, the resistivity (ρRT) increases with increasing the Al content, y. The very high 
resistivity measured for the Nb0.17Al0.27N0.55 film is probably due to the presence of the 
insulating AlN phase. 
 
Reflectivity spectra of NbzAlyNx films are represented in figure 5.5. In good 
agreement with XRD data, the reflectivity of the film deposited without Al (pure NbN), 
is similar to that observed in the case of mixed δ´+δ phases (see 3.3.2). For y ≤0.02 the 
films exhibit a reflectivity similar to that of mixed δ´+δ phases. Nevertheless, the 
reflectivity progressively changes to that of single δ phase, due to the decrease of the δ´ 
content, with increasing y. For 0.02< y <0.19, the films crystallize in single δ phase. In 
this concentration range of y, the reflectivity in the IR and visible range decreases with  
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Fig. 5.4. NbzAlyNx thin films: room temperature resistivity (ρRT) vs. Al content y. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.5. Reflectivity spectra of NbzAlyNx films.  
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increasing y. This is caused by the reduction of the density of free electrons in the films 
resulting from the substitution of Nb atoms by Al atoms in the lattice. For y values 
higher than 0.27, the reflectivity represented in figure 5.5 is influenced by the 
reflection at the interface film/substrate since the film becomes less opaque, 
because of the formation of the insulating hexagonal AlN phase. The interference 
fringes on the reflectivity of Nb0.11Al0.33N0.56 film are due to its transparency. 
 
A semi-infinite model was used for calculating the real part (εr) and 
imaginary part (εi) of the dielectric function, refractive index (n) and extinction 
coefficient (k), for y<0.19. Within this range of Al content y, the films are 
considered as opaque, in the studied range of energy (1.5-5eV). Real and 
imaginary part of the dielectric function, εr and εi are represented in figure 5.6a 
and b, respectively. 
 
It is worth of noting that in good agreement with XRD data, the εr and εi of 
the film deposited without Al (pure NbN), are similar to those measured in the 
case of mixed δ´+δ phases (see 3.3.2). 
 
The position of the screened plasma energy ħωps (i.e. where εr =0) depends 
on the Al and N contents. The ħωps of the sample Nb0.43Al0.05N0.52 and 
Nb0.46Al0.05N0.49, which have similar ratio y/(y+z) ≈0.1, are 2.8 and 3.25 eV, 
respectively. Thus, the increase of x leads to the shift of the screened plasma 
energy ħωps to the lower energy, indicating a loss in the free electrons 
concentration. The screened plasma energy ħωps of the sample Nb0.43Al0.07N0.50 and 
Nb0.33Al0.17N0.50 which have a similar stoichiometric ratio, x =0.50, are 2.5 and 3.25 
eV, respectively. Thus, the increase of the ratio y/(y+z) leads to the shift of the 
ħωps toward lower energy, indicating a loss in the free electrons. These trends are 
consistent with the interpretation that when Al substitutes the Nb atom, it results 
in two free electrons less per Al atom in the conduction band.  
 
For high values of y, 0.18-0.19, the real part of the dielectric function εr 
remains positive over the measured range 1.5-5 eV. 
 
The film deposited without Al addition (pure NbN) have a refractive 
index (n) and an extinction coefficient k similar to that observed in the mixed 
δ´+δ phase. For y ≈0.02, n and k change toward that of single cubic δ NbN with 
increasing y, due to the decrease in the δ´ content (figure 5.7). Further increase in 
y ≥0.02 leads to the change in the behavior of n and k. The refractive index n 
becomes high (up to 3.5) over the energy range 1.5-5 eV. 
 
The n and k values at 2.24 eV (wavelength of 500 nm) for the NbzAlyNx 
films as a function of y are represented in figure 5.8. For y ≤0.02, the films 
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crystallize in mixed δ´+δ phase. With increasing y from 0 to 0.04, the refractive 
index n decreases from 2.8 to 1.2. This decrease is due to the decrease in the δ´ 
phase content. For 0.04≤ y ≤0.07 the films crystallize in cubic δ structure and n 
remains about 1.2. Further increase in y >0.14 leads to the increase of n up to 2.8. 
 
With increasing y from 0 to 0.01, the extinction coefficient k increases from 
2.8 to 3.4. Further, increase of y >0.02 leads to a progressive decrease of k down to 
2.2 for y =0.19. 
 
Due to the high solubility of the Al in the NbN in the range y ≤0.19, it 
appears that the electrical and optical properties of NbzAlyNx films change with 
increasing y. A similar behavior has been investigated in Cr-Al-N films where the 
Al content alters significantly the electronic properties [2]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.6. Real part (εr) (a) and imaginary part (εi) (b) of the dielectric function of NbzAlyNx films for 
various Al/Nb composition ratio and stoichiometric ratio N/(Al+Nb). 
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Fig. 5.7. Refractive index (n) (a) and extinction coefficient (k) (b) of the dielectric function of NbzAlyNx 
films for various Al/Nb composition ratio and stoichiometric ratio N/(Al+Nb). 
 
 
 
 
 
 
 
 
 
 
Fig. 5.8. Refractive index (n) and extinction coefficient (k) calculated at 2.24 eV (500nm) vs. y of NbzAlyNx 
films. 
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5.4. Mechanical properties  
 
Hardness and stress as a function of y of the NbzAlyNx films are 
represented in the figure 5.9. The measured hardness of the film deposited 
without Al (pure NbNx) is about 32 GPa. This relatively high hardness is 
attributed to relatively high δ´ content in the mixed phases δ´+δ (see 3.4.2 ). Film 
with low Al, y ~0.01, shows a low hardness of 24 GPa. This value is typical for 
single δ-NbN phase. Even if these films have a mixed δ´+δ phases, the low δ´ 
content in the film is responsible for the lower hardness. With increasing y up to 
~0.18 the hardness increases up to 30 GPa. With the appearance of the hexagonal 
AlN phase, y >0.24 a drastic decrease in the hardness down to 18 GPa, is 
observed.  
 
In the Nb-Al-N films, 0<y ≤0.19, the stress is compressive and varies 
between -2.2 and -4 GPa. For mixed phases δ- Nb-Al-N and hexagonal AlN films, 
y >0.24, the stress is close to zero.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.9. Hardness and stress of NbzAlyNx films vs. y. the continue line follows the values of hardness as 
guide for eye. 
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No study on the mechanical properties of the Nb-Al-N films can be found 
in the literature. Most of the works report the properties of Ti-Al-N films. 
Hörling et al. [3] have found that the hardness increases up to 33 GPa with 
increasing y to 0.3 in TizAlyNx arc evaporated films. Liu et al. [4] have found 
maximum hardness at y =0.12, with increasing y, in TizAlyNx films deposited by 
reactive RF sputtering. They report also a sudden decrease in the hardness for 
further y increase. This hardness decrease was attributed to the change in 
crystalline structure from B1 to B4 wurtzite. Similar results were found by Shum 
et al. [5]. The authors report a maximum hardness and limit solubility of Al in the 
TiN for the film Ti0.27Al0.18N0.47O0.08. They attributed the hardening of the 
TizAlyNx with increasing y up to 0.18 to the densification of the microstructure 
and the development of refined grain size. 
 
In our case, no decrease of the grain size is observed for harder Nb-Al-N 
films. The hardening in the Nb-Al-N films is attributed to the solid solution 
hardening mechanism. 
 
5.5. Summary 
The solubility limit of the Al in the NbN lattice is in the range: y/(y+z) 
=0.5±0.1 (NbzAlyNx). Passing this value an insulating hexagonal AlN phase is 
formed. The electrical and optical properties of the NbzAlyNx are very altered by 
the change in the value of y and x.  The hardness of the NbzAlyNx is maximum in 
the film with y =0.19 (solubility limit). At higher y the formation of the AlN 
phase reduces the hardness. Hardening observed in the NbzAlyNx films is 
attributed to the solid solution hardening mechanism. 
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Chapter 6 
Conclusion 
 
________________________________________________________________________ 
 
This work provides new results on the physical properties of 
NbN, Nb-Si-N and Nb-Al-N sputter deposited thin films. 
 
________________________________________________________________________ 
 
Three single and mixed phases of niobium nitride, hexagonal β-Nb2N and 
δ´-NbN as well as cubic δ-NbN films were successfully deposited by reactive 
magnetron sputtering with varying nitrogen partial pressure PN2 and substrate 
temperature Ts. Low nitrogen partial pressure PN2 favors the deposition of the 
hexagonal β-Nb2N phase whereas at higher PN2 the stable phase is cubic δ-NbN. 
For intermediate PN2, the hexagonal δ´-NbN phase is stable. The increase in the 
substrate temperature Ts leads to the increase in the hexagonal δ´-NbN phase 
content.  Only mixed phases δ+β and δ+δ´ were deposited. All the NbN films 
show columnar morphology. The columnar structure in the hexagonal β-Nb2N 
and δ´-NbN phases is more pronounced than in the cubic δ-NbN. The film 
morphology containing the hexagonal δ´-NbN phase appears to be more 
compact than those with low δ´-NbN content.  In contrast to the cubic δ-NbN 
and hexagonal δ´-NbN phases, the microstructure of the hexagonal β-Nb2N 
phase shows feather like columns formed by multitwins sequences. 
 
The spectroscopic ellipsometry measurement provides complementary 
results for the determination of the phase composition in the NbN system. 
Reflectivity spectra of the hexagonal δ´-NbN phase exhibit a sharp edge at 1 eV 
which is not usual for the fcc MeN phases. 
 
Different values are measured for the difference in the core level binding 
energy ∆BE (∆BE = N 1s – Nb 3d5/2), for the three phases, suggesting that the 
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covalent character is more pronounced in hexagonal β-Nb2N and δ´-NbN phases 
than in the cubic δ-NbN one. 
 
The hexagonal β-Nb2N and δ´-NbN thin films exhibit high hardness of 35 
and 40 GPa whereas cubic δ-NbN shows relatively low hardness of 25 GPa. 
While the hexagonal δ´-NbN phase film exhibits high compressive stress of 
about –3 GPa the hexagonal β-Nb2N phase film is not stressed whereas cubic δ-
NbN phase film show low compressive stress of about -1.5 GPa. The high 
covalent character of the hexagonal β-Nb2N and δ´-NbN phases compared to 
that of the cubic is partially responsible for the different hardness measured for 
the different phases. The highest hardness and good stability were found in the 
δ´-NbN phase.  
 
The addition of a third element in transition metal nitrides leads to 
significant changes in most properties. In particular, silicon stabilizes the cubic δ-
NbN phase of NbN. It influences the electrical and optical properties. 
 
A model for the film formation of Nb-Si-N thin films deposited by DC 
magnetron sputtering is proposed. Three distinct concentration domains are 
pointed out. In Domain 1 (1≤ CSi ≤ 4 at.%) the Si atoms substitute Nb in the NbN 
lattice and polycrystalline films of NbN:Si are deposited. In Domain 2 (4≤ CSi ≤7 
at.%) a fraction of Si atoms segregates to the grain boundaries. A SiNx layer is 
formed on the NbN:Si crystallite surfaces. The covering ratios increase with Si 
content, up to 100% (formation of a monolayer). For a further increase of the Si 
content (Domain 3), the NbN:Si crystallites, surrounded by a monolayer of SiNx, 
reduce their size from 18 to 2 nm. So the increasing amount of the SiNx phase in 
the films is realized by increasing the surface to volume ratio of the NbN:Si 
nanocrystallites. 
 
The formation of the SiNx layer on the crystal surface is responsible for the 
changes observed in the electrical and optical properties of Nb-Si-N films with 
increasing Si content. 
 
The electrical resistivity measured as a function of temperature is 
proposed to provide an experimental mean for determining the limit of Si 
solubility in Nb-Si-N system and for following the thickness evolution of the 
SiNx coverage layer in the composite films. 
 
Concerning the NbzAlyNx films, the solubility limit of Al in the NbN 
lattice is y/(y+z) =0.5±0.1. Passing this value, an insulating hexagonal AlN phase 
is formed. The electrical and optical properties of the NbzAlyNx deposited films 
are significantly modified by the change in the values of y and x. The Al atom 
substitution gives two electrons less, to the conduction band, than the Nb atom. 
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Therefore, increasing the Al content y leads to the increase of the resistivity and 
the change in the optical properties to that of a poor conductor.  
 
The hardness of the NbzAlyNx is maximum in the film with y =0.19 
(solubility limit). At higher concentration y, the formation of the AlNx phase 
reduces the hardness. The hardening observed in the NbzAlyNx films is 
attributed to the solid solution hardening mechanism. 
 
Finally, the most interesting results are provided by the investigation of 
the physical properties of the hexagonal δ´-NbN phase, in particular the 
mechanical and optical properties. This phase has a hardness of 40 GPa and 
keeps this high value of 35 GPa after heating in vacuum at 1000°C. The sharp 
reflectivity edge at 1 eV measured in hexagonal δ´-NbN thin films can be used in 
optical applications e.g. filter.  
 
While the system NbN presents many phases, it appears that the addition 
of the third element, Si and Al, allows the stabilization of the cubic δ phase. In 
both Nb-Si-N and Nb-Al-N systems Si and Al are soluble up to a certain limit. 
Passing this limit the third element segregates at the grain boundaries forming 
SiNx and hexagonal AlNx. Nevertheless, the segregation differs from one system 
to another. In the case of the Nb-Si-N films the formed SiNx segregates as layer 
surrounding the NbN:Si grains.  For the Nb-Al-N films the hexagonal AlNx 
phase segregates as separated phase. The high Al solubility in NbN allows the 
control of the electrical and optical properties of Nb-Al-N thin film by changing 
the Al content. In contrast, the formation of the SiNx insulating layer at the 
surface of the NbN:Si crystallites limit the conductivity in the Nb-Si-N system. 
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Annexe A 
Si coverage of the NbN:Si grain 
 
 
 The objective is to determine the relation between the concentrations of Si 
in NbN films and the Si surface “monolayer” at the surface of NbN crystallite of 
typical size D. 
 
 
 
 
 
 
 
 
 The volume of the grain is 3DV
grain
=  (D: grain size) whereas that of the 
unit cell is 3aV
cell
=  ( a : lattice constant).  The surface of the grain is 26 DS grain ×= , the 
surface of one face of the unit cell is 2aS facecell =−  
 
 The number of the cells present in a grain is 
3
3
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D
N graincell =  and the 
number of the face cell present on the grain surface is 
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 For the cubic fcc NbN structure, in each unit cell the number of the Nb 
atoms is 48
8
1
6
2
1
=×+×  (atoms/Volume cell). For each face of the unit cell we have 
24
4
1
1 =×+  (atoms/cell face). 
  
 
 
 
Lattice constant 
 (a =0.44 nm) 
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 The number of Nb atoms in one grain is 
3
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 The number of the Nb sites on the grain surface is 
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 The ratio between the number of Nb on the grain surface and the number  
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 Under the assumption that the segregated Si atoms occupy the sites of Nb 
atoms on the crystallite surface, the Si coverage is calculated by:  
 
Si coverage 
grainS
surfacegrainSi
N
N
/
/ −
=  
where 
surfacegrainSiN −/  = number of the Si atoms segregated to the grain boundary of one grain, 
surfacegrainSiN −/  = Si atoms in one grain - Si atoms soluble in one NbN grain. 
grainVN /  sum of the number of the Nb and Si atoms in the grain. 
 
 If the numerator and denominator of the relation of the Si coverage are 
divided by the total number of atoms forming grain:  
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where CSi and CNb are the Si and Nb content, respectively. 
Numerical application: For Nb-Si-N film with CSi =6.5 at.% the CNb is 38.5 at.% and 
the grain size is D= 18 nm  this implies  Si coverage
( )
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